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ABSTRACT 


Experiments involving cooperative Thomson scattering from a 
magnetized argon arc plasma are reported. For the first time, thermal 
ion fluctuations have been observed using a pulsed C0, laser as incid- 
ent source. Resolution of scattered ion spectra was achieved with 
an infrared Fabry-Perot interferometer. 

Design features are described and operational parameters 
given for the arc plasma facility and a high power (9. pulsed laser 
system. Electrostatic probe diagnostics are discussed as applied to 
the argon are and subsequent electron temperature and density information 
is presented. Line broadening measurements are described along with 
an investigation of the Zeeman splitting of spectral lines. lon 
temperature and magnetic field data are respectively derived from 


these spectroscopic methods. 


A theoretical evaluation of the extent of arc plasma pertur- 
bations due to interactions with high power C0, laser radiation is 
reported along with associated experimental observations. 

Finally, aspects of the Thomson scattering experimental design 
are detailed and experimental results compared with the theory. Appli- 
cation of this technique to low density, high temperature plasmas such 


as present toroidal devices is discussed. 
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CHAPTER I 
INTRODUCTION 


Thomson scattering of electromagnetic radiation is an elegant 
plasma diagnostic, one which can provide comprehensive information 
from a minimum. number of measurements. Scattering with ruby lasers 
has been well established as an on-line measurement technique for a 
number of years. However, for many plasma appiications including 
important fusion research projects (toriodal devices), the full potential 
of the scattering diagnostic nas not yet been realized. with tne 
availability of high power C0, lasers, there is a reasonable possibility 
that this circumstance can eventually be altered. 

These gas lasers have wavelengths in the neighborhood of 10 
um, and as scattering sources are thus suitable for observation of 
interesting and informative cooperative phenomena in plasmas from which 
only incoherent scattering results with a ruby probe. Although dif- 
ficult technical problems exist with regard to experimental design 
and detection in the infrared, the CO, scattering technique is wortny 
of developmental effort because of the diagnostic benefits to be gained. 
A more complete outline of the factors motivating efforts towards C0, 
pulsed laser scattering is included in Chapter II, following a review 
of relevant scattering theory. 

It was originally intended to study Thomson seceeeeia ve from 
a hollow cathode arc discharge using a 1 MW C0, pulsed laser as incident 


source. However, investigations with this setup were hindered by very 


poor signal to noise in detection of spectrally integrated scattering. 


This provided impetus for development of a higher density plasma and 
a more powerful pulsed laser. oneecean of a 10-20 MW laser 
oscillator-amplifier system followed along with installation of a 
new plasma facility in the form of a magnetized d.c. argon arc 
operating in the multi-forr pressure region. Chapter III contains 
descriptions of the plasma device and lasers. 

As the plasma parameters of the arc were not well known, 
a series of probe and spectroscopic diagnostics were undertaken to 
determine densities, temperatures and magnetic fields. This experimen- 
tal study is the subject of Chapter IV. 

In Chapter V, the question of plasma disturbance by C0, 
pulsed lasers is discussed and Chapter VI contains the details of 


our cooperative scattering scheme and important results therefrom. 
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CHAP TERE MT 


SCATTERING THEORY; MOTIVATIONS FOR CO» LASER SCATTERING DEVELOPMENT 


2. FY Outline 


A summary of some important results of Thomson scattering 
theory is given. Emphasis is placed on features of cooperative scat- 
tering which results when the incident wavelength is sufficiently 
long to probe plasma particle correlations. Possible magnetic field 
and particle collision effects on this scattered spectrum are summarized. 

Advantages of the carbon dioxide laser as a source for co- 
operative scattering are discussed from the point of view of plasma 
information obtainable and potential applications, as well as some 
factors involved in detection and resolution of spectra. 

The overall potential of such a diagnostic provides motiva- 
tion for the development of a cooperative scattering technique employ- 
ing a high power pulsed C0, laser and a plasma with electron density 
eae. cm? range. An initial attempt to carry out such a 


in the 10 ‘-10 


scattering experiment is briefly described. 


2.2 Diagnostic Overview of Scattering 


For several years, Thomson scattering has been established 
as a useful plasma diagnostic. Potentially, the technique is very 
powerful as, under suitable experimental conditions, information re- 


- lating to electron and ion temperatures, electron density, ion charge 


Ghinaiece peut ory pees Wem 0 quam Eh.” © 
 fesa pulsemeiee:! )- Sanur pe UO Ba) bees Oaeiy ay roatt) 

Came AIM: 9 Gres Dea Sei ie el 4h) Tee nae nahintia - 
ES sti aap p ERK Deeg Anas aw a Ye saat .) 
dbtiame | laqnernt 4) Buea. eid ieee Sire ort Te ee _ 


arti Ci 4 He) Re hind > NE ty BT hee a : 
aaa 4 Hulve oh ruin — He, 
ies ici liga@e-® (el wot ie 
ir ree ennshale : 
' 


mu id i 7 ius Ne i ot 

a= ° Ifa awn ine one fa 

ig rT, Uitte Legh 7 

p ome Nic gayitr a? OU) el egade 2 afr hee ah 
sg atgenaiantyi vor aan) wage 

_ : 


Se 


ee yeas 


and density, magnetic fields and particle collisions may be obtained. 
In addition, the nature of plasma wave modes, wave damping and plasma 
turbulence effects may be studied. 

Employment of lasers as radiation sources for scattering 
results in excellent spatial and temporal resolution - nominally given 
by the laser focal spot size and the laser ON time. Additionally, 


there is the important advantage of negligible disturbance of the 


plasma. 


Drawbacks associated with scattering basically stem from the 


extremely small cross-section for the scattering process. Sophisticated, 


sensitive detection schemes are usually necessary to provide discrim- 
ination against competing plasma radiation and stray laser light along 


with various troublesome noise sources. 


2.3 Thomson Scattering Theory 
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Thomson scattering involves the interaction of charged 


particles with electromagnetic waves. Charged particles are accelerated 


by incident electric fields and radidtelas a yesult. Ine spectrum of 
radiation from an ensemble of scatterers reflects the average motion 
of the group. 

In Fig. 2.1, the geometry for scattering by a single electron 
moving with velocity v is shown. The scattered E field amplitude is 
proportional to the acceleration caused by the incident field. Ina 


plasma of ions and electrons, the lighter electrons are responsible 
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Fig. 2.1 Scattering of an electromagnetic wave by a single 
electron. 
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for essentially all the scattering. Information concerning ion motion 
is included by virtue of Coulomb interactions which influence the 
electrons. 


Referring to Fig. 2.1, the incident E field is denoted by 
=¢£. cos GORE eee ine aa) 


An observer at position P, a distance R from the electron (in the far 


field) will, at time t, see a scattered E field given by! 
= —— 2 [sx(sxe)] cos [KR - wt - K* r (0)] (OD) 


due to the acceleration of the charge at time 


Soc ee 


te (253) 
i Sea aye 
[neediec.c, 
5 kK (1 - Oo: v/c) 
ws = 0 — (Zea) 
ie eA Ke 
i BAG (25) 
ieee a K (2.6) 
and 
W = Wo. = Ww (Pah) 


The scattered frequency is seen to depend on the velocity of 
the scatterer in the form of two Doppler shifts, one between the frame 
of the incident field and that of the charge, the other between the frame 
of the charge and that of the observer. 

Field 2.2 is calculated assuming |v/c| << 1, which is satis- 
fied in the low temperature plasmas used in these investigations. The 
amplitude of K is then approximately 


K = 2 Ko sin 6/2 (2S) 


In a solid angle A 2, the observer will detect a time 


averaged scattered power, for unpolarized incident radiation, of 


AQ watts (2.9) 
A a 

; Sa 2 a“ ~13 a>. ; : ; 
where a ae /™, Oh st Ae 19) cm is the classical electron radius 


and 6 is the angle between . and S, It is evident that the scattered 


power is an extremely small fraction of the incident power. 


For an ensemble of N electrons in a plasma volume V, the 
total scattered E field is a vector sum of the individual scattered 
fields. The scattered power is proportional to 


2 
Spleen ge ea 2109 


The cross terms in eqn. 2.10 would sum to zero if the motions 
of electrons in the ensemble were completely uncorrelated with respect 
to the incident e.m. wave probe. When the source wavelength hoe is 
<< Aye the electron Debye length, this is indeed the case, and the 
distribution of scattered frequencies is equivalent to the electron 


velocity distribution. The Debye length is given by 


kT, \? 
Ay = — cm (Zane) 


Ag Ne a 


where k is Boitzmann's constant, if the electron temperature and Ne 
the electron density. 

On the other hand, when ee the incident wave sees the 
correlated motions of eiactrons, whicn exist due to Coulomb interactions 
with ions and other electrons and occur over a scale length of hy: The 
second sum on the right hand side of eqn. 2.10 now provides a consider- 
able contribution to Pes A scattered spectrum under these circumstances 
contains frequencies representative of ion thermal motion or ion 
acoustic waves and electron plasma waves. 

A parameter 

| ro 
0 Ray ” An dy Sin 0/2 (2a 2) 
is used to determine which type of spectrum will be observed. When 
a < 1, the incoherent electron spectrum results. Coherent effects 


make an appearance as a approaches unity and become dominant for 


oo >> |. 
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The focus of investigations described herein has been on 
Such cooperative scattering effects; to design an a > 1 scattering 
experiment for a relatively low density plasma by utilizing a suf- 
ficiently long wavelength source. Specific details of this experiment 
will be described later; for now, a brief outline of the features 
of cooperative spectra is given. 

In general, scattering of an incident e.m. wave can be con- 
Sidered to originate from microscopic fluctuations in electron density. 
At a given observation angle 6, the scattering is due to the particular 
component of density fluctuations Ne (K, w) for which K and w satisfy 
eqns. 2.6 and 2.7. Scattered power is related to an ensemble average 


of n. (K, w) and this in turn to the two particle correlation 


e 
A . 
Supe oo For a plasma of electrons and ions of charge Ze, this 


is given by 
yf (Vv \ Z = 
< [Q (K, w) [o> = ——— (2.13) 


In thermal equilibrium, Tas are the Maxwellian velocity distributions 
of electrons and ions at i and T.. G, and G. are functions of w, K; 
Ss T, and a. 

Salinenere has evaluated eqn. 2.13 as a function of the scat- 
tering parameter a, and has provided normalized plots of scattered power 
versus frequency. In a functional form, the normalized spectra can be 


expressed as 
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where Wea > K Bi a Q is a normalization constant. The r functions 
give the basic shape of scattered spectra for varying oa and 8g para- 


meters, where 


2 ‘Ss 
Por) Reece er | (2rai5) 


a adele) 


Eqn. 2.14 provides an accurate description of incoherent spectra, while 
for cooperative spectra it is good for B < 73. For the eer tering 
experiment eventually carried out, 68 was = 1.2, sufficiently low to 
allow use of the Salpeter approximation. 

Integration of eqn. 2.14 over all frequencies shows that total 
ae 


consequently, the effective scattering cross-section is a factor of 


scattered power is proportional to N (1 + Z eh HZ bro 


two lower for the cooperative case than for a < 1 scattering (when Z = 1). 
Combining eqn. 2.9 with this dependence, the integrated scattered power 


becomes, for the a >> 1, Z = 1 case of interest 


a ae | 
Fee er ae n, £ sin 6 AQ watts (2016) 
where ee = cE, “A/8n is the incident power in a beam of area A, Ree 


N/V and V= A 2. 


For the cooperative case, a >> 1, the secend term on the right 
hand side of eqn. 2.14 represents the ion feature of the scattered 
Spectrum. Scattering originates from the correlated motions of electrons 


which shield the ions. The first term represents scattering from elec- 
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tron plasma waves which have frequencies in the range of Wye = 


(40 No e/m,)? bec. 


The value of g indicates the spectral shape of the ion fea- 


ture, which depends upon the magnitude and damping of ion acoustic 


waves in the plasma. When de = T. (8 = 1) acoustic waves have low 
amplitude because of strong ion Landau damping. The spectrum is flat- 
topped with a frequency spread corresponding to jon thermal velocities. 
AS ve becomes >> T., the resonance increases because ion damping 


decreases so that a more pronounced spike appears in the spectrum at 


J = K | 
\ m . 
7] 


\ 14 
[kT a4 
se Cae Ne 


In this regime, T (w/w) gives a qualitative picture of the spectrum, 


8 
in that it predicts the position of the resonance but not the correct 
amplitude. In addition, electron Landau damping becomes the dominant 
damping mechanism for os >> ue 

Most of the scattered power in a cooperative spectrum is 
contained in the ion feature. Integration of the first term in eqn. 


2.14 shows that the power in the Xe Satellites is » War of the total 


scattered power. 
723.0 Magnetic Field Binects ion scattered spectra 


In a magnetized plasma, electrons and ions execute circular 


motions about B field lines at the respective cyclotron frequencies 


C2eals) 


ie (2.18) 
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The spectrum of electron density fluctuations will contain Fourier 
components corresponding to these frequencies. Consequently, features 
of the scattered spectra from magnetized plasmas? ?© may differ from 
the B = 0 case. 

In order to observe these magnetic effects in scattering, 


the incident wavelength should be long enough so that 
po ee Geek ene orc (2.19) 
Best ee De | = ; 


where r ; 
pes 


ponene Of fr in hige)2.1 whens there isa magnetic field 9B in the b 


ae i/2e, i and may be considered as an appropriate com- 
3 


direction. This condition means that incident radiation is able to 
probe the plasma on a scale length > the scale of the organized 
component of ib fluctuations due to magnetic field gyration effects. 
Narrowing of scattered spectra by a factor cos ¢ is the general result 
in this case, being the angle between B and &, 

Since, for normal values of Me employed in scattering experi- 
ments, extremely large B fields are required to obtain the foregoing 
situation, (eqn. 2.19 is equivalent to Qe 4/ ej > 1) the more physi- 


cally realizable situation 1s Op aee <= 1. In this case, « must be 


within an angle sin” of the perpendicular to B to observe 


“Be, i 
magnetic effects in the spectra. If this condition is met, the portion 
of the scattered spectrum carried by ions will be modulated at multiples 
of oF and that carried by electrons modulated at multiples of Qe? the 


degree of modulation depending on the perpendicularity of K and B. 
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Experimental observation of these effects depends upon scattering 
detection system design. In all cases, integrated scattered power 


is not changed from the B = O case. 
2.3.4 Collisional Effects on Ion Spectra 


3 
It has been Sremerea that appreciable narrowing of the 


ion feature of cooperative spectra will occur for 
Vir 
Ue rer anak | (2.20) 
KV. 
‘ 
where Vala is the ion-ion collision frequency. This is equivalent to 
of (4n nee sin 6/2) > 1, where A,_, 18 the jon-ion collision mean 
free path, so that experimental observation of the effect is restricted 
to high density low temperature plasmas, and relatively long probe 
wavelengths? For example, neg 5x10 © cm”? and T. < 1 eV would be 


1g 
: : : es 
required to obtain eg? 1h Splone ees ‘co 10.6 um, and Mae 1x10 
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cm ~ for hy = 6943 AN 


2A Scatcering with C0, Lasers 


The great majority of laboratory scattering experiments have 
@) 
been carried out with the giant pulse ruby laser, OQ, = 6943 A) which 


can provide several hundred megawatts of power in a 10-20 nsec burst. 


The pulsed CO, laser Or, = 10.6 um) as a scattering source has some 


2 
diagnostic advantages over the visible laser, especially with regard 


to observation of cooperative phenomena in lower density, high temperature 


plasmas where only scattering from random electron fluctuations occurs 
when a ruby probe is used. Considerably more information becomes 
available if an effective C0. scattering system is employed in situations 


where the ruby could only be used to determine ee 


To present an important example, recent research into the 
heating of 1914 cn”? density plasmas to thermonuclear temperatures 
(Tokamak machines) has produced a need for additional diagnostics in 
order to gain an understanding of heating processes. Present methods 
include o << 1 ruby scattering” to measure hag but density measurements 
are possible only with an absolute intensity - calibrated detection 
system. With a 10.6 um laser and re =] keV, a > 1 scattering 1s 
possible for 6< 4° and could yield T, as well as es and n. with no 
absolute calibration required. In addition, coherent scattering from 
enhanced electron and ion waves could be used to study turbulent heat- 
ing in toroidal plasmas. Finally, the longer wavelength would permit 
magnetic modulation scattering experiments providing a means of deter- 
mining B fields in Tokamaks. 

The CO, infrared laser was adopted for the scattering experi- 
ments described in this work, in hopes of developing a suitable technique 
for cooperative scattering from Tou ~ oe cm plasmas. 

Besides the potential information recovery, further factors 
tend to make cooperative scattering at 10.6 um an attractive proposition. 
As the most powerful coherent source in the intermediate and far in- 


frared, the CO, pulsed laser can provide power levels of > 107 watts, 


@ 
comparable to available ruby powers. In obtaining a cooperative scat- 
tered spectrum, use of the 10.6 um source permits viewing at a much 


larger angle 6 than would be possible with a visible laser. An important 


eo i ee ver ¢ 7 7 7 
are San, uh? ple bows a) re ; oa _ 
i ats | He fomie . - 


bs: . 
eublgauets wi bigrigee Fs) eH APTEE is 


ay 4 he a biaiiee 


it : A “ : , peo 


& : ey re 
* phe 

un 
' i . 

i 
‘ 
“% 
[5 
vad = pp Weir a on? Ca iy ug DF 
= : - | 
Tea) Me Oi) Sh Ovi 
- 5 : 


consequence is greatly reduced stray light problems in detection, which, 
for small angle scattering, could be a deciding factor as regards 
experimental feasibility. Other advantages result due to larger 6 

for longer ro Collection solid angle A Q increases at least as 6 

does and as ef for small 6. For a given cooperative a, spectral widths 
A dX increase w as Ayes whereby required resolution A Md, 1S proportional 
to 6, and is thus a less demanding requirement at longer wavelengths. 

IR} monochromators and Fabry-Perot inteferometers of quality and 
efficiency equal to that of visible instruments may be used to provide 
the necessary resolution of scattered spectra. 

These benefits help to balance lower detector responsivity 
and greater photon noise for 10 um detection than for the visible. 
Photoconductive IR detectors are capable of a few amps/watt responsi- 
vity as compared to a few x10" amps/watt from photomultipliers. This 
difference is slightly offset by higher detector quantum efficiency at 
10 um (~ 40% versus ~ 15% at 6943 A). Plasma emission, while often 
the limiting noise source for ruby laser scattering detection, is not a 
problem at 10 um because of the e dependence in bremsstrahlung in- 
tensity. A more serious noise problem exists in the 10 um region 
with regard to blackbody room temperature (300° K) radiation pickup by 
detectors which are commonly cooled to liquid N, temperatures Cig K) 
or lower. Such noise can be reduced, however, by placing a similarly 
cooled optical bandpass filter immediately before the detector chip, 
keeping in mind the requirements for transmission of scattered photons. 

Another factor worthy of mention is increased absorption of 


longer wavelength radiation, which may lead to unwanted disturbance of 


the plasma. This subject is discussed in detail in Chapter V, wherein 
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it is shown that 10.6 um absorption presents no problems in this regard 


for No <a few x19!° ae ie > a few eV, and focussed C0, laser in- 
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tensities of up to 10 


2.5 C0, Scattering from a Hollow Cathode Arc Plasma 


Originally it was proposed to observe Thomson scattering 


from a hollow cathode argon arc Fase. laentiee Us = 5 eV, Te = 0.5 eV 
and a maximum electron density of 5x10? cm”? A 1 MW, 200 nsec pulsed 
C0. laser served as radiation source (see Chapter III). The plasma 


chamber was designed such that either a = 0.3 or a = 2 scattering 
could be observed from an interaction length of 1 cm over a solid angle 
of 3x1072 sterr. From eqn. 2.16, the integrated scattered power ex- 
pected in the cooperative case was 5x107° watts. Unfortunately, effi- 
cient collection of this radiation by the detection optics was not 
possible and photons reaching the detector did not produce an observable 
Signal above the existing background noise and stray laser light. 

In order to provide sufficient scattered power for resolution 


of spectra, it was decided to increase both laser power and plasma 


density. Development of a new plasma facility and laser system followed, 


and these are described in the next Chapter. 
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CHAPTER ITI 
PLASMA FACILITY AND C0, LASER SYSTEMS 
3-1) Uneline 


The development of a 10 KW magnetized d.c. argon arc plasma 
is described. Design of the arc chamber and electrodes was such 
that long term stable operation was possible. Probable plasma density 


was a few x 19!° ai 


» perhaps two orders of magnitude greater than 
the hollow cathode arc density. Magnetic field profiles and pressure- 
volt-ampere characteristics for the arc are given. A reliable 
method of arc striking is also described. 

Parameters of C0, TEA lasers intended for use in scattering 
experiments are summarized. In particular, two schemes for increasing 


the original 1 MW laser power are described. Resulting temporal 


pulse shape and wavelength spectral information is presented. 


3.2.1) General Requirements: 


The development of a plasma device suitable for a C0, Thomson 
scattering experiment followed, to some extent, the design of Jassby’ 
for a magnetized d.c. arc in argon gas. A steady state plasma was 


more desirable than a pulsed discharge as spatial and temporal re- 
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producibility problems were eliminated. Also, the existence of the 
hollow cathode are chamber and electromagnets facilitated the ex- 
perimental steps leading to conversion to a higher current, higher 
density arc. 

A plasma density 1 - 2 orders of magnitude greater than 
that in the hollow cathode discharge was desired. Thus operation 
in a few Torr of gas was necessary and at d.c. currents of several 
hundred amperes. Argon was chosen as the working gas for two reasons. 
First, the relatively low ionization potential (15.7 eV) resulted in 
minimum electrical dissipation for a given plasma density. Second, 
jts chemical inactivity made for maximum electrode lifetime, a 
factor which mitigated against hydrogen. 

The available power supply was a welder unit which could 
drive over 300 A at 40 V with a 100% duty factor. A 1 cm diameter 
tungsten-tipped electrode similar to those used in laboratory plasma 
jets¢ initially served as a cathode and a flat 2.5 cm diameter copper 


plate was used for the anode. 


3.2.2 Initial Development 


First attempts to strike an arc using a 2 kV radio frequency 
(RF) field to preionize an electrode gap of 10 - 15 cm were unsuccess- 
ful. It became evident that the 0.5 kG axial magnetic field of the 
hollow cathode arc was inadequate for confinement of a discharge in 
this higher pressure range. The electromagnets were powered by a 
120 V d.c. generator and dissipated 4.5 kW. As a larger supply was 


not available to drive greater magnetizing currents, a stronger B 


field was produced by inserting mild steel pole pieces into the 
bore of each magnet. These steel cores were tapered sucn that 
the field was focussed in the electrode gap, which was decreased to 
6 cm. Hall probe measurements showed B = 2.5 kG at the minimum field 
point, an increase of a factor of 5. The field profile is plotted 
Te te oeole Le 
With the stronger confining field, it proved possible to 
Sipikeed Gbablecdrewdhaelal SUGCeSS OCCUrmInd. Oru = al FOrY. dae 
250 A and V =~ 40 V. With this established, the next step was achieve- 


ment of long term operation of such a discharge. 


3.2.3 Arc Chamber and Electrode Design 


An aluminum vacuum chamber was constructed (see Fig. 3.2) 
with sufficient water cooling to maintain wall temperatures below 
35°C. Further chamber design features for accomodation of scattering 
measurements on the arc are discussed in detail in Chapter VI. Also, 
see Fig. 6.3. Exposed faces of the pole pieces were cooled to avoid 
possible deterioration of magnetic properties through excessive heat- 
ing. A port was provided for connection to a 500 2/min mechanical 
pump capable of evacuating the chamber to < 0.1 Torr. To afforda 
view of the discharge as well as enable general access to the chamber 
interior, a 12 cm diameter port was included and sealed with a thick 
Pyrex window. 

Electrode design was of prime importance. The 2% thoriated 


tungsten cathode eventually adopted was | cm in diameter, silver 
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soldered to a 2.5 cm diameter copper tube and water cooled at 15 
g/min to ensure no boiling occurred at the hot end. Similar water 
flow was supplied to the copper anode. Both electrodes were electri- 


cally isolated from the pole pieces. 
3.¢. eM blectrical, Characteristics 


Operation of this plasma facility for periods of several hours 
was possible, arc current and voltage holding constant within 5%. In 
order to avoid buildup of contaminants, gas was pumped continuously 
through the chamber, although shorter term operation with a static 
backfill was also possible. Lifetime of the tungsten cathodes ranged 
from 50 to 100 hours depending on the arc current. 

A stable arc could be established in pressures ranging from 
0.5 Torr to 10 Torr. For lower pressures, the welder voltage was in- 
sufficient to sustain the arc, while above 10 Torr, the magnetic field 
was apparently too weak to maintain an ionized column. In fact, for 
I > 250 A, the current channel began to bulge midway between the elec- 
trodes when the pressure rose above 4 Torr. In addition, it was 
observed that operation at any pressure was impossible if the field 
dropped below 2 kG, further indication that the maximum field strength 
was just adequate for confinement. A photograph of the arc is shown in 
FAG Maro. 

Arc volt-amp characteristics are displayed in Fig. 3.4 for 
various background pressures. In contrast to Jassby's arc, it was 
found that two stable modes of operation existed for a given pressure. 


The current channel was more constricted in the higher voltage mode and 
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thermal emission appeared to be confined to the tip of the tungsten 
cathode. In the more common low voltage mode, thermionic emission 
from the entire cathode surface was observed. 

Very low frequency (0.5 Hz < f < 5 Hz) rotations of the 
current channel about the anode-cathode axis have been occasionally 
observed. This instability has occurred only in the low voltage mode 
for P > 4 Torr and I > 150 A. A detailed study of these rotations 
has not been done. There may be some dependence upon the exact arc 
length or the shape of the cathode tip because the instability was 


usually not present under the P-I-V conditions mentioned above. 
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A capacitive discharge circuit for starting the arc is in- 
cluded in Fig. 3.2. It was adopted due to the unreliability of the RF 
voltage for this purpose. RF striking was difficult at the lower back- 
ground pressures and generally became less successful as cathode wear 
increased. 

Two basic factors are involved in striking such a high current 
arc. lIonization must occur in the electrode gap to provide a current 
path for the low voltage main supply and must be maintained long 
enough to initiate thermionic emission through cathode bombardment. 

The overall process is aided by the magnetic field which tends to pre- 
vent diffusion of ions from the electrode gap. 

Essentially 100% reliability in starting was achieved by 


discharging the 250 uF capacitor C, across the electrode gap. A cur- 
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rent limiting series resistor Ry = 7 2 stretched the discharge time to 
several milliseconds. A 500 V charge was normally sufficient to strike 
Uiesarc. 

Stabilization of arc electrical parameters typically occurred 
within a few seconds after starting, with volt-amp values being repro- 


duced on each start for a given argon pressure. 
Sa C0. Pulsed Lasers for Scattering 
3.3.1] Oscillator- Amplifier System 


The original laser oscillator constructed for use as a Thomson 
Scattering source was of the helical TEA discharge type>. This provided 


/ WAsee acne when 


a peak laser power of 1 MW or an intensity of 5x10 
focussed through the plasma axis by a 50 cm focal length mirror. Para- 
meters for this laser are included in Table 3.1. 

A Rogowski profile, UV preionized TEA discharge unit : was con- 
structed for amplification of the oscillator output. This type of dis- 


Ir but the nigh input 


charge has a peak small signal gain of > 0.04 cm. 
power density from the oscillator gave rise to saturation effects. Over 

a path length of 160 cm (triple pass through the amplifying medium) an 
energy gain of ~ 7 and a peak power gain of ~ 10 were obtained for the 
TEA oscillator input. Thus, some temporal snarpening of the oscillator 
pulse occurred. Oscillograms of a typical oscillator pulse shape and that 


of the amplified beam are shown in Fig. 3.5 (a) and (b) respectively, A 


gold-doped germanium IR detector with a risetime of < 2 nsec was used to 
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TABLE 3.1 PARAMETERS OF C0, PULSED LASERS USED FOR SCATTERING 
STUD TES: 
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CO+ laser pulse shapes for; (a) helical TEA laser; 


(b) oscillator-amplifier configuration; (c) 6.7 
meter two discharge laser oscillator 
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obtain these temporal profiles. Oscilloscope bandwidth was 20 MHz 
(17 nsec risetime) so that oscillator self mode-locking, which was 
present in varying degree from shot to shot, was electronically in- 
tegrated out. For the 3.3 m cavity length, the longitudinal mode 
spacing was 45 MHz. Amplification removed a considerable portion of 
the mode-locked pulse structure. 

Reliable synchronization of oscillator and amplifier dis- 
charges was required, both to place the oscillator pulse near the 
peak of the amplifier gain profile and to prevent arcing in the Rogowski 
section. A graphite anode was employed in this unit and tiny carbon 
particles in the active volume provided sites for ionization via 
absorption of oscillator photons. If sufficient oscillator power was 
generated prior to initiation of the amplifier discharge, the result 
was localized preionization and subsequent arcing. 

Low jitter (< 50 nsec) variable delay electronic trigger 
circuits were used to set the optimum synchronization of discharges. 
This was also dependent on long term regulation of spark gap pressures 
in the discharge CiKeunceys 

The helical TEA laser could oscillate on one of several 10 um 
P branch C0, transitions, but P(20) was selected by cavity mirror 
adjustment, since the narrowband filter used in conjunction with the 
detector for scattering measurements had maximum transmission at this 
wavelength (~ 10.59 um). In amplification, both the oscillator transi- 
tion and transverse mode pattern were preserved. With the TEA amplifier, 
lasing was observed to occur 100 - 200 nsec sooner than for the 
oscillator alone. This was attributed to a photon injection effect”, 


whereby random photons generated in the amplifier active volume entered 


the oscillator cavity, inducing an earlier gain buildup. 
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The amplified beam was somewhat larger in cross-section than 
the oscillator output (see Table 3.1). Stronger amplification of the 
lower power edges of the input beam was the probable cause. With an 
f = 50 cm mirror, the beam could be focussed to a 2 mm diameter spot 
in the plasma chamber, for a resulting peak intensity of 3x10° watts/ 


cm”, Further amplifier parameters are included in Table 3.1. 


3.3.2 Iwo Discharge 6.7 Meter Oscillator 

Combination of the two discharges into a 6.7 m oscillator 
cavity with a NaCl etalon for output coupling yielded typically 2.3 
joules in a pulse of 20 MW peak power. About half the energy was in 
the initial gain-switched spike. A typical pulse shape is shown in 
El Geese Oe GOs 

Lasing was observed only on the P(20) transition. Because 
the same 10 m focal length back mirror was used in this longer cavity, 
the output beam diameter was smaller than that of the oscillator - 
amplifier configuration. It could be focussed to approximately a 1.7 
mm spot in the plasma arc, for a peak intensity of 7x10° watts/cm®. 

Discharge synchronization was again important for the reasons 
stated previously. The 8% feedback was sufficient to generate oscilla- 
tion withthepin discharge operating alone. (~ 0.09 joules output 
and peak power of a few hundred kW). 

Both oscillator - amplifier and 6.7 m oscillator were used 


in Thomson scattering measurements. 
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3.3.3 Laser Line Spectra 


Monochromaticity of the laser output is important for use 
in Thomson scattering experiments since the laser linewidth must neces- 
sarily be less than scattered spectral widths. Assuming ~ 1 eV ion 
temperatures in an argon plasma, the ion feature of a cooperative 
scattered spectrum is cf the order of a few A in width for a 10.6 wm 
incident source. Multi-shot scans of laser wavelength spectra for the 
P(20) transition are shown in Fig. 3.6, and spectral widths (FWHM) 
listed in Table 3.1. Apparently, the TEA laser longitudinal modes 
would vary from shot to shot, so that averaged over many shots, the 


Dall Since 


Spectrum is considerably wider than that of a single pulse 
in obtaining scattered spectra, averaging over many shots was necessary 
for signal to noise improvement (see Chapter VI), the characteristic 
linewidth to be contended with was that of the multi-shot spectrum. 

As measured laser linewidths were only somewhat less than probable 
scattered widths, convolution of profiles was eventually necessary for 
accurate reduction of experimental Thomson scattering data. 

The spectra in Fig. 3.6 were obtained by slow scanning of an 
infrared Fabry-Perot interferometer. Details of this instrument's 
operation are given in Chapters IV and VI. It was not possible to 
scan quickly enough to observe single shot spectra. Linewidths quoted 
in Table 3.1 were calculated by subtraction of the Fabry-Perot instru- 
mental width (0.3 A FWHM) from the widths of depicted experimental 
profiles, assuming Lorentzian shapes in all cases. Linewidth of the 


6.7 m oscillator was ~ equal to that of the oscillator - amplifier 


configuration. 
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3.4 Conclusions 


With increases in laser power and energy, and in plasma den- 
sity, the outlook for Thomson scattering was considerably brighter. 
In the following Chapter, detailed measurements of arc plasma para- 
meters are documented, providing tne necessary information for design 


of the scattering experiment. 


CHAPTER IV 


PROBE AND SPECTROSCOPIC DIAGNOSTICS 


4.1 Outline 


Measurements of the plasma parameters of the argon arc were 
carried out using electrostatic probe and spectroscopic methods. Be- 
Sides providing some useful knowledge which would facilitate the de- 
sign of Thomson scattering experiments, use of these diagnostic 
techniques served to increase the body of data for this type of plasma 
arc. 

Plane wire probes were designed for application to extreme 
heat flux conditions and in addition were swept through the plasma 
to prevent probe damage. Electron density and temperature profiles 
of the arc cross-section resulted from reduction of probe data. Effects 
of electron-ion collisions and the magnetic field on the probe I-V 
curves have been considered. 

Spectroscopic measurements were made in both axial and trans- 
verse directions. Broadening of singly ionized argon spectral lines 
was recorded by scanning with a visible Fabry-Perot interferometer 
and ion temperature was inferred from the thermal broadening contribu- 
tion. The degree of Zeeman splitting of these transitions as well as 


some argon neutral lines yielded magnetic field strength in the arc. 
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Radiation from impurity hydrogen in the arc chamber was de- 
tected and broadening of the Hy line in particular was measured. 
Some changes in arc characteristics due to addition of traces of 


hydrogen were observed, 
4.2 Probe Measurements 
4.2.1 Introduction 


Double-ended tungsten wire probes were constructed and 
mounted on the shaft of a small d.c. motor. The assembly was placed 
inside the arc chamber by attachment to an access port cover plate 
(see Fig. 4.1). These probes were insulated everywhere by alumina 
and boron nitride with only their flat tips exposed (see Fig. 4.2). 
Spatially resolved measurements of swept probe currents have enabled 
determination of Ne and ie profiles of the arc cross-section approxi- 


mately midway between anode and cathode. 


4.2.2 Probe Theory 


With an assumed Maxwellian distribution of electron velocities, 
collection of electrons by the probe should vary according to 
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where V_ is the probe potential. The plasma density is certainly high 
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enough that the Debye length is negligible compared to millimeter 
dimension probes. Current collection under these conditions should 
be dependent on the product of density and particle velocity; thus 
the saturation ion current to a strongly negative probe is estimated 


by 


, 4 e 2 so P 
Pais ——— — amperes 4.2 
g \ M m } p 


where Ns is the probe area in cm?, The electron temperature can be 
found from the slope of a logarithmic plot of relation 4.1, that is, 


1 


en (I_ - I, 5) versus - has a slope proportional to uss ; 


e 


4.2.3 Experimental Method 


Probes were positioned to swing through the arc approximately 
2.5 cm from the cathode tip at speeds in the vicinity of 10° cm/sec, 
decreasing the probe duty factor to ~ 10%. A slower moving probe 
was likely to melt or break apart due to the extremely high heat flux 
from the arc. In fact, the relatively high speed probes occasionally 
incurred damage in the form of cracking of the alumina insulating tube. 
Because the probe apparatus was in such close proximity to the arc 
(< 10 cm from the axis) it was necessary to electrostatically shield 
the ring and brush (Fig. 4.1) from pickup of large electron currents 
when the probe was biased strongly positive. With the shield grounded 
through a high resistance, tests with a dummy probe (no exposed surface) 
demonstrated the effectiveness of the electrostatic shield, as essen- 


tially no pickup current was detected for any positive bias voltage. 
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Despite water cooling, it was not possible to operate the 
motor for more than 10 sec in the presence of a discharge. Con- 
sequently, the method of operation was to set the bias voltage, strike 
the arc, then swing the probe through the stabilized plasma column, 
recording the repetitive current waveform. Latar in this investigation, 
a slow voltage ramp was utilized for the probe bias and it was possible 
to obtain the entire probe characteristic curve in 1.5 sec. At the 
Same time, an additional feature was incorporated into the probe design. 
One end was hooked to face parallel to B field lines, the other end 
faced perpendicular to B as previously. If some anisotropy in charged 
particle fluxes existed, it could be expected to be evident in the 


current collection of such a probe. 


4.2.4 Experimental Results 


Oscillograms displaying various spatial profiles of probe 
current corresponding to different probe bias voltages are included 
in Fig. 4.3. These show the arc to be cylindrically symmetric with 
respect to properties which may be inferred from the probe current. 
Typical probe curves showing ion saturation, electron saturation and 
transition regions are plotted in Fig. 4.4. Carrying out the electron 
temperature and density calculations according to eqns. 4.1 and 4.2 
led to the ieee I profiles of the arc cross-section shown in Fig. 4.5. 
The voltage-swept double-ended probe was tested at pressures 
Of f2358 and 7 Torr-and Fid. 4.6 contains. oscillograms of probe current 
versus bias voltage. Actual probe voltage is determined by sustractine 


the voltage drop across Re (2.0 2). Resulting electron temperatures 
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Fig. 4.4 Volt-amp characteristics of swinging probes. 
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are indicated. In these cases, the parallel end of the probe faced 
the cathode, however, there was no appreciable difference in the 
characteristic when this probe faced the anode. This technique has 
the disadvantage that spatial resolution is lost and only axial 
information is obtainable. 

Ion saturation currents were measured for a range of back- 
ground pressures using probes facing perpendicular to the magnetic 
field and the results are recorded in Table 4.1. The half widths of 
these saturation current profiles are also tabulated and give an 
indication of the increase in the arc current channel diameter with 
increasing pressure. 

At one point, an attempt was made to use a cylindrical probe 
of length 1.1 mm and diameter 100 um. Ion saturation currents of 
250 mA collected by this probe corresponded to a density of 2.ex0!° 
cm”? assuming Uk = 3.5 eV. Unfortunately, this probe and others similar 
to it melted immediately when biased to collect electron currents and 


therefore could not be used to measure is directly. 
Wee.o DISCUSSTON 


For operation at 3 Torr and with arc currents in the range 
of 260 A - 280 A, peak electron temperatures of between 3 and 4 eV 
(on axis) have been measured with the plane probes facing perpendicular 
to B, the temperature falling to 75% of the peak value 1 cm off axis. 


See 


Peak electron densities were (2-2.5)xl0 ~ cm ~ falling to 30% of this 


Pcneorf axis, Foy 1 >°250 A, peak ie was ~ 20% lower at 7 Torr than 
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at 1.5 Torr, while maximum density was greatest at P ~ 3 Torr, falling 
DY “Ue au Lorn. 
As well as showing comparable peak electron temperatures, 
the double-ended probe collected approximately equal electron saturation 
currents, taking into account the different areas of the two probe tips. 
(see Figs. 4.3 and 4.6). Thus there appeared to be no directional 
features associated with current collection by the plane probes. 
Electron temperatures were taken from the straight line por- 


tion of the Zn (T) - I. 


) versus Vo curves in the electron current 
region. This would appear to yield the best estimate of ys Since this 
“region of the probe curve encompasses collection of the majority of 
the current carriers; tnerefore the bulk of the electron distribution 
should be characterized by such a termperature. Many of the probe 
curves appeared to exhibit a "two-temperature" feature, two straight- 
line segments on the logarithmic plot. Such a situation is illustrated 
in Fig. 4.7. A higher temperature was indicated from the probe curve 
in the region where Vy was close to the plasma floating potential than 
from the region where electron current dominated. It is likely, 
however, that the higher temperature is not representative of the 
bulk of the electron distribution since it is derived from collection 
of a comparatively smail fraction of the electrons, namely those in 
the high energy tail of the distribution function which may not be 
Maxwellian. 

Interpretation of swinging probe data should be possible in 
terms of conventional probe theory, but some modification to include 
the effects of charged particle collisions and magnetic fields may also 


be necessary, especially with regard to the magnitude of electron 
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Fig. 4.7 Logarithmic probe current versus probe voltage curve 
showing "two-temperature" feature. 
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Saturation current. Probe velocities of ~ 1000 cm/sec were insignificant 


compared with electron thermal velocities 


s [ 8k M ; 8 cm 
Ve = ea: ernlero 0 see (4.3) 


TOL is = 3.5 eV, and electron drift velocities 


9 
ee ae Vy eel 
Von Th, on ue) ae (4.4) 
15 33 (oe eos 
for n. = 2x10 ~ cm ~ and J = 100 A/cm’, and so should have had negligible 


e 


effect on current col lection. 

Ratios of electron to ion saturation current of 30 - 40 on 
axis and 50 - 60 1 cm off axis have been observed (see Fig. 4.4), while 
a collisionless, field-free theory would predict 


ne 
= «= 270 for argon (a5) 


Apart from magnetic field effects, when Coulomb encounters between 
electrons and ions become numerous to the point where mean free paths 
are of the order of or smaller than probe dimensions, collection of 
electron currents should be inhibited, with an estimate of the reduction 


factor given by? 


where A is the electron-ion collision mean free path and d is the probe 


dimension. I,.. is the Sacuravcton current an Lhe collisionless case. 
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Ton saturation currents should not be affected by ions colliding with 


electrons. For n, = 2x10) em > and T, = 3-5 eV, the m.f.p. is 


2 


eG he) 
= ——=—— = 0.45 mm (4.7) 


where gn A is the Coulomb logarithm and A = 12n ae Note that 

Mes 3.1x107> cm (eqn. 2.11) for T, = 3.5 eV and n, = 2x10 Chie 
which is very small compared to probe dimensions, as mentioned in the 
discussion on probe theory. In calculating oj it is assumed that the 
plasma column is essentially fully ionized on axis and that electron 


collisions with singly charged ions dominate. This approximate value 


of X} iS comparable to the diameters of plane probes which have been used. 


Therefore collisions alone could possibly reduce Lae although it is 
difficult to calculate the extent of the effect. To first order, the 
entire electron distribution should be affected by collisions in a 
Similar manner, consequently, the probe curve may. still yield the 
approximate electron temperature. 

In a sufficiently large magnetic field, the effective mean 
free path of charged particles is given by their Larmor radii and 
and saturation currents may be reduced if probe dimensions are appre- 
Ciably greater. ‘For Ar li ions in a 2.5 kG=tield, the gyroradius iis 
~ 0.5 cm, therefore the field should have no influence upon Wp How- 


3 


may 


ever, the electron gyroradius lea 1s ~ 3x10) > cm << d) and yy 


S 
consequently be reduced. An order of magnitude estimate of this de- 
crease , from consideration of classical particle diffusion rates, 


is given by 
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where a eB/m.c is the cyclotron angular frequency and aes is the 
electron-ion collision time. For the present conditions, om ai Ce 
which implies a considerable decrease in Tas: 
The observed drop in ne from the collisionless field-free 
case 1S perhaps explicable in terms of a combined influence of col- 
lisions and magnetic fields which both serve to retard the progress 


of electrons towards a biased probe. Again it is likely that the 


approximate electron temperature is obtainable from the straight-line 
portion of &n we - lee) versus Vy curves. It was possible to process 
current and voltage raw data such that resulting errors in the plots of 
Eigsa4.4, 4.5 and 4./ Were Jess than 102. However.) 1b 1s Very dis- 
ficult to apply an overall limit of accuracy to the probe technique 
because of unknown plasma-probe conditions. To our knowledge, biased 
probes have up to now not been employed in such an arc plasma, and 
further Por ccnact ion of the probe results would therefore be desirable. 
Spectroscopic measurements of ion temperature discussed later in this 


Chapter lend credence to a picture of a plasma with le > ie and 


support the values of Ce obtained from probes. 


Vo OPTICS. (OG SpectroscopilcaMeasurenents 


Optical systems were set up for observation both across and - 
along the axis of the arc. In both cases the optical train included a 
1/4 m Jarrell-Ash monochromator, a piezoelectrically scanned Fabry- 


Perot interferometer and an RCA 8645 photomultiplier with an S-20 
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photocathode. Details of the optical setup are shown in Fig. 4.8. 


For transverse observation, light was collected and colli- 
mated by a modified Cassegrainian system. With an f = 8.2 cm lens 
prior to a 150 um x 150 um monochromator entrance aperture, it was 
possible to view a 0.25 mm square plasma cross-section extending 
through the current channel. Results are therefore averages of pro- 
perties over this sight line. To facilitate axial observation, an 
anode was constructed containing a central 1 mm diameter aperture 
sealed by a small viewing window. In all other respects, this anode 
was identical to that described in Chapter III. The optics could 
then view a cylinder of plasma extending from anode to cathode and 
results are again averages over this line of sight. 

Monochromator resolution was ~ 10 A at 5000 A, sufficient for 
isolation of most argon spectral lines. The Fabry-Perot interferometer 
was scanned by application of a high voltage ramp to a piezoelectric 
drive upon which one of the mirrors was mounted. Two sets of mirrors 
were used; one pair having 90% reflectivity at 6900 A and the other 
with 99% reflectivity at 4800 A, enabling resolution of spectral lines 


O 16) 
from 4200 A to 7500 A. 


4.4 Line Broadening and Splitting 


Measurements of the broadening of Ar II spectral lines? were 
carried out in order to determine ion temperatures in the arc. Neutral 


3 . * 
argon lines” have also been observed in the anode and cathode regions 


as well as the area peripheral to the current channel, and Zeeman 
splitting” of both neutral and ion transitions has been used to deter- 


mine magnetic field values. 
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The Doppler width of a spectral line of wavelength X emitted 


by particles having a Maxwellian velocity distribution is 


O 


i 7 
A Xp = 7.68x107° a (T/M)® A FWHM (4.9) 


LOR th A, T in eV and M in a.m.u. Gaussian line profiles result 

when this is the dominant broadening mechanism. For Ar II, M = 40 

and broadening of visible lines for ~ eV ion temperatures is < 0.1 A, 
When a magnetic field is present, each spectral line is split 

into several components, the exact number depending upon the quantum 

numbers of the upper and lower energy levels of the particular transi- 

tion. These components may be divided into 2 groups, usually denoted 

by m and o, according to their polarization. When viewing perpendicular 

to B, the ms components, polarized with E parallel to B, are flanked 

on each side by a group of o components which have EF perpendicular 


to B. Each o group is shifted from line centre by approximately 
O 
Baek (410) 


Or A an A and B in kG. When viewing parallel to B, only the o com- 
ponents appear, both groups circularly polarized and separated by approxi- 
mately 2 A ho Exact separations of line components may be calculated 
from quantum mechanical considerations. For B = 2.5 kG and X in the 
visible, Zeeman splitting of argon transitions was comparable to their 
Doppler widths, and was therefore considered in the unfolding of 


experimental profiles. 
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4.4.) Fabry-Perot Resolution 


With widths and shifts of » 0.1 A to contend with, Fabry- 
Perot resolving powers > 5x10" were required. Such resolution was 
easily obtained as high reflectivity mirrors were employed in the 
instrunent. 


The free spectral range of a Fabry-Perot is given by 
aay 
FSR = d-/2d (4.11) 


where d is the mirror separation. To prevent overlapping of orders, 
typical FSR of ~ 0.5 A was used, corresponding to dv 0.3 cm. For 
experimental runs, exact mirror spacing was determined by comparison 
of measured wavelength separations of closely spaced Ar II lines with 


3 
data from accurate wavelength tables . 


Optimum finesse for mirrors of reflectivity R is 
F = 9 YR/(1-R) (4.12) 
and the upper limit of resolving power is then 


pp ade = ond (4.13) 


(9) 
For d = 0.3 cm, RP ~ 3.9x10° for R = 0.99 at 4800 A and 2.6x10° for 
O 
R = 0.90 at 6900 A. Both figures are then much higher than required 


resolving power. 


In actual practice however, RP may be limited by the quality 
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Typical Fabry-Perot instrument profiles for HeCd 


and HeNe alignment lasers. 
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of light incident upon the mirrors. This is expressed as 


RP = (2/0454) (4.14) 


where 8 aay is the full angle divergence of incident light. For trans- 
verse observations, 2 mm irises before and after the Fabry-Perot 


cavity and separated by ~ 75 cm limited 6 ( COe 67 e/ Mirade eens Ae 


di 
for blue spectrum lines was divergence - limited to » 5.6x10° while RP 
for red lines was reflectivity - limited. For axial observation, light 
divergence was limited to ~ 1 mrad by the anode tube and a 1 mm iris 
prior to the Fabry-Perot. 

Interferograms of both HeCd and HeNe laser alignment sources 


are shown in Fig. 4.9. In most cases, instrument broadening had neg- 


ligible influence on observed spectral linewidths. 


4.4.2 Experimental Results 


Interferograms of some Ar II lines observed transverse to the 
arc axis are contained in Fig. 4.10. A polaroid plate was included 
in the optical path to block the Zeeman o components. Some Ar II lines 
viewed along the arc axis showing the o components are included in 
Fig. 4.11. Fabry-Perot scan time was v 30 sec/FSR. A 10 Hz low pass 
filter was used to integrate photon noise. 

The contribution of thermal Doppler broadening to Ar II line- 
widths measured in both transverse and axial directions corresponds to 
an ion temperature of 2 eV (+ 10%). From the splitting of lines it was 


found that B = 2.5 kG along the arc axis, which compares favorably 
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with the Hall probe measurements of field strength (see Chapter EN 

O 
Profiles of the 6965 A Ar I transition (Fig. 4.12) showed that neutrals 
existed in regions of lower field strengths away from the axis while 


axially they appeared to be in close proximity to the electrodes 


(B = 2.6 kG). 
A740 (DISCUSSTON 


Instrumental, Stark and Zeeman effects have all been taken 
into account in determination of the Doppler contribution to line 
broadening. Broadening due to the non-Doppler mechanisms was found 
to be essentially negligible in nearly all cases, with the result 
that the Doppler contribution itself could be determined to within 
10% accuracy. Stark broadening parameters were taken from Griem? using 
electron densities found from probe measurements. Unfolding of line 


Shapes was accomplished in part by use of the Voigt profiles®, which 


result from the combination of dispersion and thermal broadening effects. 


In almost all cases, Stark broadening of Ar II lines for es 2xi0!® 
cm? is much less than that due to thermal effects. If ion temperatures 
were significantly lower than 2 eV, ne would have to be at least an 
order of magnitude greater to explain the observed broadening in terms 
of both Stark and Doppler effects. For example, the A = 4806 A Ar Il 


O (6) 
lanesnasen oe] 0,063 A Tor ie =) AV Samide on = 0.003. A for. ie 


D Stark : 
2x10? cm”? and Ue = 3.5 eV. For T. = eV A hy ~ 0.069 A anda 
O O 
Stark width of 0.03 A is required for 0.083 A total broadening, cor- 


: 1 “ 
responding to an electron density of at least 2x10 : cm _ 


As line pro- 
files have been found to be very close to Gaussian in shape with the 


exception of the far wings, T. ~« 2 eV is considered a reliable figure. 
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For pressures in the 1.5 to 6 Torr range and currents greater 
than 250 A, Ar II broadening was constant within 102. Since T. 
averaged over the arc cross-section is comparable to the on-axis temp- 
eratures, the T. profile across the arc is unlikely to be highly peaked 


on axis, and therefore rather constant in the current channel. 
0 


Ar I lines such as 6965 A have more pronounced Stark broaden- 
ing than most Ar II lines. However, the measured relative width of the 
AYO UO A line was about half that of Ar II lines, more evidence 
that neutrals observed on axis are primarily in the electrode regions 
where large temperature gradients exist. In the current channel between 
anode and cathode it is likely that ionization is almost complete. 


Jassby/ estimates 98% ionization in the core of an argon arc with I = 


AOO A Pao. Lorn, qT; = 1.4 eV and B = 5 kG. 
4.5 Hydrogen Impurity in the Arc 


A small percentage of hydrogen was present in the arc chamber 
under normal operating conditions. This was ascertained by identification 
of the Ho line. (6563 A) through Fabry-Perot line broadening measurements. 
No other Balmar: lines were found, tikely because their relatively weak 
intensities were swamped by argon line and continuum radiation. 

Introduction of small partial pressures of hydrogen while 
monitoring Us intensity showed that the intrinsic impurity level was 
typically < 1%. It is likely that hydrogen trapped in the tungsten 
cathode constituted the major impurity source. The bottled argon 
gas contained only 5 ppm Ho 

An interferogram of the impurity He Tine is) shown ain Fide 4 els. 


(9) 
as observed along the arc axis. Measured total width (FWHM) is ~ 1.1 A. 
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ne, viewed along the arc axis. 


0) 
The instrument width is 0.2 A. Broadening is due to a combination of 


He fine structure, Zeeman, Stark and Doppler effects. From eqn. 4.9, 


O O 
the Doppler contribution is 0.5 Ty AS fOr Ty in eV, Which 1s 027) A 


H 

for Ty = T, = 2 eV. Whether or not Ty indeed equals T, 1s uncertain. 

H fine structure and Zeeman splitting (B = 2.5 kG) increase the width 
O 

to 02/5 Avy Extrapolation of Griem Ss caleulated qt Stark broadening 


Loe 


0) 
data yields Ad SUS a eT Og Ne eee Ki0 Sci sand Ue 


Stark 

Assuming Lorentzian Stark and instrumental line shapes, a total Votant 
O 

width of ~ 0.95 A results, which is within 15% of the measured width. 

As several factors influence the broadening of nen line, 
including the exact location of the emitters, it is very diffcult to 
draw any firm conclusions regarding temperatures and densities from 
measured Ho profiles. For transverse observation, measured hi width 
was v 0.8 ne however, emission is from redions having a wide range of 
temperatures and densities. 

Some further observations were made concerning the effect of 
hydrogen upon arc characteristics. With the arc operating in its high 
voltage mode (Fig. 3.4), addition of 1% Ho invariably caused an im- 
mediate switch to the low voltage mode of operation. If operating in 
the low voltage mode, addition of 1% Hy resulted in a slight arc 


voltage decrease and current increase (typically ~ 3% changes). 
4.6 Conclusions 


On the basis of the probe results, Doppler broadening measure- 


ments and consideration of energy equipartition times, it is plausible 
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that electron-and ion temperatures are different, the electrons being 


the hotter species. The equipartition time! may be written as 


3m. m, pole uf o oie 
a PNG maae cere Tare” Mma Oe ta (4.15 
 8(2r)? No Pim es ) 


With singly ionized argon ions, this reduces to 
3/2 


Se ere 
ee el Sea es Sec (4.16) 
‘ cat = 


ee om 3 ieee eleand 


| wee - 
for T., iP in eV and lao UCT Gee sO): age 2x10 
yet Sorel, = = @ ywsec, which is comparable to the ion lifetime, 
determined largely by charge transfer collisions with neutrals. Taking 


[3 e293 


BASS 4x10 ~ cm ~ in the core of the arc (v 98% ionization), t = (n 


) 
9) va) « 15 usec, o being the charge-transfer qreeesgactane This 
figure is likely an upperbound on the ion lifetime. FOr COMmpates Ollnd 
recombination time Oly 3s nis) estimace for ulis plasma is ~ 5 msec, 


ae 13 Sars 
where g. is the recombination coefficient for argon ~. Thus, it is 
ie 


unlikely that ions are able to thermalize with respect to the electrons 


in the time available to them. 

The values of Ne» ie and tT. determined from probe and spectro- 
scopic diagnostics result in a maximum plasma pressure of 15 - 20 Torr 
on axis. This compares with the magnetic pressure ona Opry dele s 
for B = 2.5 kG. That this field is just sufficient to confine the arc 


has been observed (Chapter III); the calculated magnetic to plasma 


pressure ratio is indicative of this situation. 
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CHAPTER V 


ARC PLASMA PERTURBATION BY A HIGH POWER C0, LASER 
5.1 Outline 

An investigation was carried out to determine the possibility 
of arc plasma perturbations by the high power C0, lasers to be ren 
Thomson scattering experiments. In particular, electron heating in 
the focal volume via inverse bremsstrahlung absorption was studied. A 
simple model was adopted which assumed electron thermal conduction to 
be the dominant dissipative process. Numerical calculations based on 
this model showed negligible Te increases for the laser intensities 
used for scattering. Experimental observations of Ar II line emission 


Supported this conclusion. 


9.2 Thermal Conduction Limited Electron Heating 


Inverse bremsstrahlung absorption of radiation by plasma is 
a much more efficient process at 10 umthan for visible wavelengtns, 
the absorption coefficient having a o dependence. One of the con- 
cerns then, when using a high power infrared source for scattering is 
the Reset perturbation of the plasma and consequent distortion 
of scattered information. 

Since the laser pulse times of 100 - 200 nsec are very much 
shorter than electronaion equipartition times (eqn. 4.18), absorbed 
photons would lead to electron heating only during the observation 


time for scattering. As the arc is almost fully ionized in the 
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neighborhood of its axis, there is little opportunity for laser in- 
duced ionization. Even if this process did occur, density pertur- 
bations would be a few percent at most and therefore of small concern 
for the scattering experiment. In fact, the dominant electron energy 
loss is provided by thermal conduction which severely limits the ele- 
vation in i and therefore any ionization and collisional transfer 
of energy to ions. 

A crude estimate of the electron heating may be obtained by 
equating power absorbed to-the rate of change of the kinetic energy 


of free electrons in the laser focus. 


Caen MOE Rad Seer 
A dé |2 Tele (a 
Pe) is the laser power and A = 7 i is the focal area. The absorp- 


tion coefficient a is given by! 


iS | - 
yee (5.2) 
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For the existing plasma conditions, oe oe %CQ5? thus 
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G@r//73 = gn A is given by! on (Brexi0!* ie /w) for i. in eV and 


; : -3 
Tie ems 
Tor Te in eV, te @ 


Integration of eqn. 5.1 with respect to time for Ee 


constant leads to an electron temperature at the conclusion of the 
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=e SaaS 0 > EE eV (5.4) 
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where lie is the equilibrium electron temperature and Ey is the laser 


19 cm™>, B= 3d and A = 3x10°° 


energy. For ss = iano) Ee es ex) 
ae, the result is se = 5.5 eV, a considerable perturbation. 

Of course this calculation provides for no thermal losses 
from the focal volume during the heating time. An important process 


to consider is electron thermal conduction, whereby heated electrons 


will diffuse into their cooler surroundings. The coefficient of 


electron thermal conduction is given by! 
Oy 2 
:. au Ve watts (5a5n 
Se gn A cm eV ; 


for Te in eV. 
If, indeed, the temperature calculated from eqn. 5.4 was 


ever established, the thermal conduction loss rate 


Va eAeY J erative dl 3 (5.6) 


would be of the order of ia watts/cm? so that absorbed laser energy 
could be dissipated in a few nsec. Since this is 2 orders of magnitude 
faster than the laser heating time, the real temperature rise 1s 

likely ~ 2 orders of magnitude less than that calculated assuming no 


losses. 


It is therefore assumed that a steady state is quickly 
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reached in which absorption is balanced by thermal conduction. 
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Because of the axial magnetic field, cross field conduction losses 
2 
Le. 


will be 1@ss than that along field lines by a factor (rp A =e 105 


Therefore, a one dimensional model is used to describe thermal diffusion 


losses: (see Pig. 5.1) so that 


a 
ay 2 


‘ A (5.8) 


a : 


With this approximation, eqn. 5.7 may be rearranged to read 


d° T ; 
Sa + tp (5.9) 
fee ad 
- e 
where 7 
eho (nan ny P(t) 
2 = {oa (5.10) 


Note that for small temperature changes, ee constant in z which has 
been implicitly assumed in writing eqn. 5.6. 


One integration of.eqn. 5.9 yields 


dT 1s 
eer eos = + panera ; 


dz 3 ils 


The boundary conditions are 
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dT 
os =40 oe) 
dz ; 
rae 
and 
dT, 
ae ee har alna (5.13) 


where ee is the unperturbed temperature. In adopting boundary 
condition 5.13, it is assumed that outside the heating zone, lbs will 
decrease to the equilibrium value lias over a Characteristic scale length 
for thermal conduction. The electron mean free path, hoe is taken as 


this scale length. For |z/2L, the solution is then 


(ZL) Pde (5.14) 


dT hs 4 
LE ies 1 
ee 2 cal gee : | (5.15) 


e e 


where T (0) is the maximum temperature attained on the laser axis. 


Expansion of ee) in a Taylor series about z = 0 results, for T (0) - 


T.. << T_, in an approximate solution for |z| < L 
e0 e0 
2 2 
BL eae - 76 
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Numerical solutions of eqns. 5.14 and 5.16 have been carried 


out and the results checked by numerical integration of eqn. 5.15. 


5 = 
Temperatures and density (exi0!° cm 3) near to those of the actual 
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argon arc parameters were considered and calculations for laser inten- 
ae 10 , 2 
sities up to 10° watts/cm™ were done. 
Results are shown in Fig. 5.2. For intensities used in the 


2 


present Thomson scattering experiments (up to 7x10° watts/cm_), the 


i perturbations are apparently negligible. 
5.3 Experimental Observations and Discussion 


Emission levels from Ar II transitions in the laser-plasma 
interaction volume were monitored in an attempt to verify that elec- 
tron heating was indeed small. Light was collected by the Cassegrainian 
telescope and a 1/4 m Jarrell-Ash monochromator provided spectral dis- 
persion (~ 10 A resolution) prior to detection by a photomultiplier 
which was loaded sufficiently to observe events on the time scale of 
C0, laser pulses. 


(0) O 


Ar II lines monitored included 4348 A, 4590 A, 4610 A, 4658 A 
and 4306 A, For’ laser intensities of 5x10! watts/em® and 3x10° watts/ 
cm? there were no observable changes in the emission level from any 
of these transitions when the laser was fired. Typical signal to noise 
for these lines was (15-20)/1 so that ~ 6% changes in emission were 
detectable. The noise limit appeared to be determined by fluctuations 
in plasma arc conditions. 

As the intensity I of emission from a given transition is 
proportional to te where E is the energy of the upper level 


of the transition, then changes in emission may be related to 


changes in es 
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For the Ar II lines mentioned, E/k = 20 eV so that AI/I = 5.7 BES Gis 
oY, ie = 3.9 eV. As increases of ~ 6% in line emission were resolvable, 
it may be possible to conclude that increases in io are < 1%. 

In employing such an argument, it is assumed that the high 
energy bound electrons are in equilibrium with the free electrons. In 
the case of Ar II, this is reasonable as the energy difference between 
the bound levels and the continuum is small compared with the bound 
level energies themselves (~ 20 eV). Therefore, the Boltzmann factors 
for these levels are likely to be reasonably accurate. 

A rough estimate of the relation between laser induced ioniza- 
tion and changes in Le may be found from the Saha equations. In the 
as is likely in the present argon arc, 


case of n >> 7 


ArIl Arl? "Arlil 
changes in neutral and doubly ionized densities are very sensitive to 
changes in i Experimentally, however, insufficient Ar I and Ar III] 


emission levels from the laser-plasma interaction volume were available 


to investigate this relationship and thereby aid in determining a limit 
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for electron heating. 

With the experimental results for Ar II line excitation in 
terms of ie increase supported by the thermal conduction model cal- 
culations, it is concluded that the arc temperatures and densities 
determined by probe and spectroscopic diagnostics are preserved under 


conditions of the Thomson scattering experiments. 


CHAPTER VI 
COOPERATIVE THOMSON SCATTERING EXPERIMENTS 
6.1 Qutline 


With known experimental values for temperatures, densities and 
fields in the plasma, and the availability of a 10 MW 10.6 um pulsed C0, 
laser, the type of scattered spectra could be determined and steps taken 
to design an optical-electronic system for detection and resolution 
thereof. 

In this Chapter, features of the expected cooperative scattered 
Spectra for the argon arc plasma are discussed. Plasma chamber structural 
aspects along with optical detection components are described leading to 
design of a suitable viewing system for Thomson scattering. Characteris- 
tics of the infrared detector are noted, expected signal levels are cal- 
culated and the influence of various noise sources is determined. Observed 
Signal and noise amplitudes are given and factors causing discrepancies 
from expected values are detailed. Thermal stabilization of the Fabry- 
Perot interferometer employed for spectral resolution is discussed. A 
method for signal to noise improvement in pulsed information is described. 

Results of spectral scans are compared with calculated profiles 
which reflect the influence of the finite laser linewidth and the Fabry- 
Perot instrument function. Consideration is given to the applicability 


of this C0, scattering technique to Tokamak plasmas. 
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6.2 Scattered Spectral Shapes 


Spectral features of light scattered from the argon arc plasma 
using a C0, laser as incident source may be determined from a knowledge 
of the particle densities and temperatures as well as the magnetic 
field strength in the plasma. Taking a 2x10!° cm7?, ies = 3.5 eV 
and LF = 2 eV, the scattering parameter a (eqn. 2.12) has a minimum value 
of 2.7 for 6 = m. Therefore, cooperative spectra would be observed for 
any scattering angle. The plasma chamber was designed with a viewing 
port at 309 to the laser axis through the arc; thus, either 30° forward 
scatter or 150° backscatter could be observed, for which a = 10.4 and 
2.8 respectively. 

The bulk of the scattered power appears in the ion feature of 
these spectra, the total width of which is approximately 
x 2 
Ad. = 2[ge=} (2 KV; sin 0/2 (6.1) 

(0) 
where v, is the mean ion thermal speed. This evaluates to 4.3 A (FWHM) 
Frees so anda aoe er 30°. 

The particular shape of the jon feature is described by the B 
parameter (eqn. 2.15) which equals 1.3 for 6 = B0° and Ie or 6 50" 
and the experimental conditions prevailing. lon acoustic waves are 
strongly damped therefore, and the spectra will appear rather flat-topped 
ispoOunucases, 

Plasma frequency satellites appear in these cooperative spectra 


and are shifted from line centre an amount given by the dispersion 


relation for longitudinal oscillations in the plasma. In terms of fre- 
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(6.2) 
ity 
+ 1 + ‘ 
a Ww ———— 
pe | 2) 
which becomes 1.2 ne TOC Ge 2.8 and 1.0 ne Tor iw, ="1024.. “For ae 
2x10!° cm? ae 2 Sx 10) sec |, The wavelength shifts are then + 


> W 
p 
0.18 ym and + 0.15 ym for 6 = 150° and @ = 30° respectively. 


The available infrared detector was equipped with an optical 
filter whose bandpass was limited to 0.14 um (FWHM) centred at 10.6 um. 
Unfortunately, the small percentage of scattered power in each satellite 
(< 5% for 6 = 150°) combined with low filter transmission at the wave- 
lengths of interest rendered detection impossible. 

The presence of a 2.5 kG axial magnetic field does not alter 
the shape of the ion feature in the scattered spectra. The ratio of an 
jon cyclotron frequency to a typical scattered frequency shift is of the 


GY dernoT ax10"*. Therefore K must be within an angle sin”! a 


~ 


(stom 
G02" tor the perpendicular to the direction of B in order to observe ion 
eVvclouronr Tine Structure: 

Since the detection optics were set up to collect light from 
an annulus defined by full angles of 11.6° and 3.39, no magnetic modu- 
lations will appear in the ion spectral feature. Even if light with the 
appropriate K, vectors could be analysed, the ee would have a 
characteristic wavelength separation of < 107° A, so that no realistic 


resolving power would be available to observe them. 
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Theoretical ion spectra for 6 = 150° backscatter. (a) 
Salpeter spectrum r.() for a = 2.8 and 8 = 1.2, A i = 
7.3 A (FWHM); (b) ) normalized Ta) (a), the actual spectrum 
for a 1.2 A Lorentzian laser line, Ar~ 7.7 A (FWHM). 
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SCATTERED 


lichen COC 


WAVELENGTH SHIFT (A) 


Theoretical ion spectra for @ = 30° forward scatter. 

(a) Salpeter spectrum T,(\) for a = 10.4 and g = 1.3, 
A A = 2.2 A (FWHM);,(b) normalized Ig)(\), the actual 
spectrum for a 1.2 A Lorentzian laser line, A A = 2.8 


A (FWHM). 
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Collisional effects should not influence spectral shapes 
either. Characteristic mean free path for ion collisions with other 
ions 1s ~ 0.1 mm, (from eqn, 4.7, with he 


7 Oe ; 
eg eee ea) >> than the 


C0, laser wavelength. From eqn. 2.20, Pe 9x1079 for 6 = 150° and 


3x107° 


for e@ = 30°. Thus, no collisional narrowing of the ion feature 
Should occur. 

Salpeter's functions (the collisionless, B = 0 case) 
adequately describe the ion spectra for the existing plasma conditions. 
iN Figs. 0.1 and 6.2, the rs are plotted for 6 = 150° and 6 = 20-8 
Pulsed C0, laser linewidths are not negligible compared to 


the widths of these ion spectra. The laser spectrum was therefore 


folded into the Pe profiles, the result given by 


co 


TO) =k { i (en) 7 OE din (6.3) 


= CO 


where Ky is a normalization constant. Numerical evaluation of this 
convolution integral was carried out. I, (X) was approximated by a 
Lorentzian profile of measured width (FWHM) 1.2 A (see Fig. 3.6(b)). 

For the C0, source used, Tay represents the actual scattered spectrum. 
‘Results are plotted in Figs. 6.1 and 6.2 along with the respective mono- 
chromatic source spectra. Note that the shape of the 6 = 30° spectrum 


is affected considerably more than that of the @ = 150° Spectrum, 
6.3 Experimental Design 
Gee alae Optics 


A complete schematic of the optical design for scattering 


: 7 
' . ' = . 7 
a ' 4° ! 
, ’ + ayy . 
- a inal 
a 7 . 
= . "2 pie Ari 


Dp) sehr 


et Os | Pe My aeGh 
- 7 - a 
rn ol : 
> ~ - 


: - mh sid ww ie , 
Jan | ‘ot 7 2) 


is shown in Fig. 6.3. Gold coated optics were used to couple the C0, 
laser beam into the plasma chamber which was provided with Brewster 
angle NaCl windows for beam entry and exit. A 50 cm focal length gold 
coated mirror focussed the radiation on arc axis; measured focal spot 
size was 2 mm for the amplified beam and 1.7 mm for the 6.7 m oscillator 
OUTPUT. 

Input path alignment was done with a He Ne laser which passed 
through the C05 cavity and 2 subsequent irises prior to focussing on a 
1.75 mm diameter stainless steel ball which simulated the scattering 
volume. High stability C0. laser mirror mounts ensured that discharge 


Shock waves did not misalign the cavity in the long term. 
623.2 Collection Optics 


A Nacl window mounted at 30° to the laser axis afforded a 
view of the scattering plasma volume. Light collection and collimation 
was accomplished with a Cassegrainian telescope (see Chapter IV). The 
effective collecting diameter of the 20 cm radius of curvature mirror 
was 10 cm when placed 50 cm from the laser-plasma intersection. Light 
collimated by the 2.5 cm diameter, 3.25 cm focal length concave mirror 
was eventually focussed onto the infrared detector by a 6.5 cm focal 


length NaCl lens. 


Magnification of the Cassegrainian system is given by 


ie eee en (6.4) 
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where o is the distance from the scattering centre to the collecting 


mirror, R is the radius of curvature of this mirror, f, the focal length 


] 
of the collimating mirror and fy that of the NaCl lens. In this case, 
M= 0.5. Given a detector chip of area 1 mm x 2 mm, a laser plasma 
interaction width of 2 mm and a length of 4 mm/sin 30° = 8 mm could be 
viewed. 

The Cassegrainian collected light with scattering angles 30° 
+ 5.8°, thus providing sufficient resolution for the a parameter. For 
@ = 150°, a would remain constant to within + 1.5% for 6 = 30°, the 
Vange Or ao would be from 8.7 To 12.95 °a 2 20% Variation. The solid 
angle subtended by the collecting mirror was 


2\cm 
i 2 = =5 Ze Hels = 2.8x107¢ sterr (6.5) 


Oo 50°cm 


Here, A, is the area of the collecting mirror and A. the area of the 
collimating mirror shadow upon it. 


From eqn. 2.16, the detectable scattered power, integrated 


over all wavelengths is, for rt Se soie cm, ies 2x10!” cm, Q = 
0.8 cm, AQ = 2. 8x10"° Sterv as ts = 10/ watts and sarc Cores 
Pos 1.6x10°° T, watts (ane) 


where ae is the transmission of the collection optical train. This 
included a NaCl viewing window, 3 gold coated surfaces and a NaCl lens. 


Therefore T, = (0.92) (0.99) (0.92) = 0.8 and P. = 1.3x107> watts. 
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Since 10 MW laser powers were being utilized, several measures 
were taken to ensure that stray laser light did not enter the optical 
train and swamp the scattered power levels. Plasma chamber walls were 
painted black to aid in the absorption of stray C0, light. The exit 
Brewster window was equipped with a dump to trap NaCl surface reflec- 
tions of the laser. A conical viewing dump was provided opposite the 
NaC] viewing window. It was designed such that light incident upon its 
blackened walls suffered many reflections and considerable absorption 
before exiting. A blackened cone with optical baffles was installed 
so as to prevent light from any line of sight other than that directly 
through the scattering volume from reaching the Cassegrainian. External 
to the chamber, the laser beam was dumped against a blackened inclined 


wall a distance of 50 cm from the exit window. 
6.3.4 Fabry-Perot Interferometer Resolution 


Laser input and scattering detection optics were mounted on 
an aluminum table isolated from the plasma chamber and associated vibra- 
tions due to vacuum pumps, etc. Isolation was important, especially for 
the Fabry-Perot interferometer - the instrument which provided the | 
necessary spectral resolution. Given that ion spectra were likely of 
the order of a few A in width, resolving powers A/A\ in the neighborhood 
OF 10° were required. 

At our disposal was a Lansing model interferometer, with 2 


flat germanium etalons 5 cm in diameter and coated for 99% reflectivity 
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in the 10 umregion. These etalons were mounted and the interferometer 
operated in the manner described in Chapter 4. 

inact iculars. 2 A resolution was desired for analysis of 
6 = 150° backscatter and 1 A resolution for the narrower 6 = 30° for- 
ward scattered spectrum. Light from a low power (~ 1 watt) CW C0, laser 
was focussed on the stainless steel ball and scattered into the Casse- 
grainian for purposes of interferometer alignment. For a reflectivity 
R of 99%, a finesse of 310 was possible, but only for perfectly colli- 
mated light, which was not available. In fact, the Cassegrainian was 
aligned such that mean full angle divergence of He Ne laser light scat- 
tered from the steel ball was 9 mrad. The free spectral range (FSR) of 
the instrument, n° /2d, for backscattering with etalon separation d = 
0.23 cm was 245 A, A finesse of 120 was obtained, implying 2 A ( FWHM) 
resolution. For forward scattering, d = 0.52 cm was used and finesse 
of 108 obtained for | A resolution. Linewidth of the alignment laser 
contributed negligibly to these values. Maximum transmission achieved 
FOS A resolution was 12% and 10% for | A resolution. in Fig. vos4 sen 
oscillogram of a typical point source resonance function is shown. 

Profiles were obtained by applying the detector signal to 
the input of a P.A.R.L. lock-in amplifier. Reference voltage was supplied 
by a photo-transistor which detected visible light chopped by the laser 
beam chopper wheel. The d.c. output of the lock-in was displayed on a 


Tektronix 556 oscilloscope, which was swept externally by a voltage pro- 


portional to the Fabry-Perot scanning ramp. 
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Fig. 6.4 Point source instrument profile for the Fabry-Perot 
interferometer showing 1 A width used for resolution 
of 9 = 30° forward scatter. 
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6.3.5 Fabry-Perot Thermal Stabilization 


Because of the high interferometer resolution required, serious 
problems arose with regard to long term maintenance of nee finesse 
and transmission. It was discovered in the course of investigations 
that the resonance position would drift substantially (many widths) and 
the resolution deteriorate (to > 2 (AA), ) typically over a period of 
a half hour. Since precautions had been taken to isolate against mech- 
anical vibrations, thermal effects were suspected and indeed found to 
be the source of trouble. 

The interferometer body was constructed of aluminum which has 
a thermal expansion coefficient of aA) oe With the etalon mounts 
separated by a few cm, a 19C change in temperature could mean a change 
in etalon separation of the order of a micron, which is 20% of a FSR. 
In addition, the piezoelectric crystal stack had a temperature coeffi- 
cient of 10-®/0¢ and a length of 3 cm, for a change in length of 0.03 
um/OC. Accurate quartz crystal thermometers mounted adjacent to the 
Fabry-Perot cavity showed typical fluctuations of + 0.5°C over half 
hour periods. 

To alleviate this problem, the interferometer was enclosed in 
a plywood box insulated on the interior by 5 cm thick styrofoam every- 
where except for 2.5 cm diameter light entry and exit apertures. Once 
sealed from exterior air currents, the box and contents reached thermal 
equilibrium in about 1 hr, after which temperature fluctuations were 
limited to < ‘lor Oc/hr. Therefore, the box served as a rather effective 


thermal integrator, and a corresponding improvement in instrument sta- 


bility was observed. 
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As an additional precaution against any drifts during the 
course of spectral scans, a reference path was included in the optics. 
By means of a removable mirror which intersected light from the Cas- 
segrainian, the resonance position could be periodically checked during 


experimental runs. 
6.3.6 Infrared Detector 


For all scattering measurements, the IR detector used was a 
mercury doped germanium (GeHg) photoconductive device. Detectors of 
this type are sensitive to the near IR with a long wavelength cut-off 
at» 14 um. They must be cooled to < 30°K and therefore liquid helium 
was used as the refridgerant. As previously mentioned, a cooled narrow- 
band filter was included immediately before the |] mm x 2 mm detector. 

IR detectors are, of course, sensitive to heat radiated by 
the surrounding environment. The filter is necessary to limit the 
optical bandwidth of this background radiation and the photon noise 
associated with it, while maintaining transmission at the wavelengths 
of interest. Detector sensitivity is increased as a direct consequence 
of background noise reduction. With filter, this detector had a respon- 
Sivity of 2x10! volts/watt at 10.6 um when a 15 V bias battery in series 
with a 2 Mg resistor was connected across the chip, Detector rise time 
was ~ 100 nsec with proper loading, about equal to the laser pulse rise 


time. Measured detector resistance was v 3 Mo. 
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6.4 Signal/Noise Calculations 


Given the expected scattered power level and the detector 
responsivity, the integrated scattered signal may be calculated. Ex- 
perimentally, it was convenient to work with a 180 ka bias resistor 
and 15 V bias battery. With detector output capacitively coupled to 
a Tektronix 1A7A preamplifier, (R. = |: Ma) the net load was 150 ka. 
Under these conditions, detector response to pulsed C0, radiation was 


esl: 


volts/watt. Risetime of the loaded datactor plus preamplifier 
was 5 psec, and the signal decay time was ~ 40 usec. For the scat- 
tered power found from eqn. 2.16, integrated scattered signals would be 
158 mV. For 6% average Fabry-Perot transmission over a 2 A bandpass 
inal e/, A wide spectrum, a typical resolved signal would be 2.7 mV. 
Against this signal level, the amplitude of noise voltage due to various 
sources was then considered. 

Three possible origins of noise which could hamper recovery 
of plasma scattered signals were evaluated; these noise sources are all 
random in nature. Plasma bremsstrahlung radiation is considered first. 
For a volume V of plasma, the bremsstrahlung emitted per unit wavelength 
per unit solid angle is! 
Pe an: 2 1.24xt0"" | Yo watts (gy 

/ 


V 
gé 52 TE ea \ rT, Gn cm sterr 


hoy be ineeV. 2 1necheand Vo in cm°. At 10.6 um g, the free-free Gaunt 


15 _ - 
factor Was takenoas 1.2 and with Z= 1, VA alee 2x10 tem 3 v7 = 
3.5 eV, V, = (0.2) (0.4) (1.5) Ae 


8 


8x107¢ sterr and A X = 


1.4x107° cm, P. e810 -Swatts incident upon. the detector. “Withre 


detector responsivity at d.c. of (2x107 volts/watt) (15 V/9 V) (150 ke/ 
1.2 Me) = 4.2x10° volts/watt, 54 mV would appear across the chip. How- 
ever, placing the Fabry-Perot in the optical path drastically limits 
the incident bremsstrahlung watts. For example, a FSR of 245 A implies 
7 Fabry-Perot orders in the cooled filter bandpass. For 2 A resolution 


and 10% transmission, Pros 1.gxio,.! 


Watts, producing ~ 54 qV of dic. 
Signal. 
Due to the statistical nature of bremmsstrahlung emission, the 


d.c. emission will be accompanied by a random noise level. Using Poisson 


Statistics to describe these fluctuations, the noise power is given by? 


Py = (8 BL hy)? watts /Hz? (6.8) 


where hv 7s the photon energy at the wavelength of interest. For 10.6 
um, hy = eevee ce J. Bremsstrahlung noise power is therefore Pb = 

Ne livaton | watts/Hz?, The 5 usec risetime implies a system bandwidth 

of 70 kHz, and assuming a responsivity of 4.2x10° volts/watt, a noise 
voltage of 1.5 nV results with etalons in the optical path. 


Another noise source is Johnson thermal noise which appears 


in all electronic systems. Its RMS amplitude is given by 
volts (6.9) 


where R is a resistance at temperature T°K and B is the electrical band- 
width. For R = 150 ka, T = 295°K and B = 70 kHz, Vy = 13 uV. 
A third noise source is that alluded to earlier in the dis- 


cussion of detector characteristics, namely fluctuations in room temp- 
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erature blackbody radiation. This may be treated in a similar manner 
to the bremsstrahlung - d.c. emission level plus attendant statis- 
tical noise. The Wein-Planck radiation law gives the blackbody intensity 


at temperature TK as 


4 | 4 “| =] 2 
1 (a, 9) = eto exp (L.Aaxlo” | | Fee AN eae) 
| wn-ch ‘sterr 


for } in um. Detector design was such that the chip of area 2x10" cm 
subtenced a solid angle of 0:1 Sterr. For a filter bandpass of 0.14 
um, the emission incident on the detector from a 295°K environment is 


25x10"! watts. From eqn. 6.8, the associated noise power is 1.9x107!3 


ie 
watts/Hz®, which for 70 kHz bandwidth and 4.2x10° 


volts/watt responsi- 
vity means a noise voltage of 210 uV RMS across the detector chip. Of 
the random noise sources, room temperature radiation is quite clearly 


dominant. The calculated noise levels, then, appear to be consider- 


ably smaller than expected signal levels. 
. 6.5 Experimental Noise Levels 


Measured noise levels were reasonably close to the calculated 
amplitudes. For detector bias voltage of 15 V, total broadband noise 
input to a Tektronix 1A7A preamplifier was ~ 140 pV RMS. For VeTAS a 
4.5 V, the noise level was v 50 uwV RMS. There was no observable dif- 
ference in these levels for plasma ON and plasma OFF, the conclusion 
being that room temperature background noise indeed predominated, and 


bremsstrahlung and thermal noise were small by comparison. Inherent 
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oscilloscope noise for these measurements was ~ 7 uV RMS, a negligible 


contribution. 


6.6 Experimental Signal Levels 


Observed scattered signals were appreciably less than anti- 
Cipated levels. A major factor contributing to this situation involved 
the experimental scattering volume, which was found to be smaller than 
the idealized volume used in previous signal calculations. The optical 
system was designed to ideally image a plasma cross-section of 2 mm x 
4 mm on the detector chip, which, for viewing at 30° to the laser axis, 
Pomeraree: anto a scattering volume of 25 min? for @ 2 nm focal spot 
diameter. Detailed measurements showed that the observable scattering 
volume was v 5 mm, a Tactor Of 5 smaller. 

Divergence of light reaching the detector was limited by the 
2.5 cm focussing lens aperture, which in turn defines the observable 
plasma cross-section perpendicular to the Cassegrainian axis. While use 
of a larger lens would have undoubtedly increased integrated scattered 
Signals, it was pointless to do so because of Fabry-Perot light quality 
requirements. As mentioned in Chapter 4, to achieve a resolving power 
RP, light incident on the etalons must have full angle divergence less 
%5 


(0) 
,» which implies Buy = 9 mrads for 2 A resolution. 


than 0 = 2/(RP) r 


div 
For source points a distance + h measured perpendicular to 
the Cassegrainian axis, light divergence may be calculated from consid- 


eration of the lens system shown in Fig. 6.5, which represents the de- 


tection outics, Since 2h 2 f 8 gay and 2h 5 * Cale b> 
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one = 9 mrad for h = 0.6 mm, which implies a divergence-1limited 
plasma cross-section of 1.2 mm by 1.2 mm. The resulting useful scat- 
tering volume is ~ 5 mm? 

Depth of field along the Cassegrainian axis does not further 


limit the volume. This may be seen by considering the divergence from 


sources at o + Ao. Since 


die Oa ee (6.12) 
do do aoe, of 
then 
ie | 
AUIS te or ayo PND aXe (6213) 
o} 


Light from o + A o is now divergent upon passing through lens 1. Images 


are formedat distances L, from lens 1 which satisfy 


1 1 1 
Ab ae = — (6, 14) 
eee gets 
Tg tc 
= 7 (6.15) 
A cc e  as ; 


Divergence is given by a e a/ 1, where a is the aperture of lens l. 
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substituting eqn. 6.13 into eqn. 6.15, the result is 


Col SAG 
lousy a 99 . (6.16) 
f Oo 
For 64. $ 9 mrad, [A o| < 0.75 cm for a 1.5 cm divergence-1imited 


depth of field, much greater than the effective laser-plasma column 
interaction length. 

Another factor which decreased experimental signal levels 
was deterioration of detector performance. When larger (10 V - 15 V) 
bias levels were used, electrical breakdown across the detector chip 
occurred and random noise spikes of up to 50 mV amplitude were observed 
in the output. To avoid breakdown entirely, a bias voltage of 4.5 V 
was employed in all scattering measurements. Since the 3.3 times 
decrease in responsivity affected signal and noise (room temperature 
background) equally, the loss in overall signal to noise was small. 

Electrical breakdown of the detector was attributed to pro- 
bable adsorption of water vapour on the surface of the chip. A baking 


i was attempted with the hope of evaporating the water con- 


procedure 
taminant and restoring detector performance. This proved partially 

successful in that noise spikes were reduced to ~ 1 mV for 15 V bias. 
However, this mV noise proved too much for reliable signal processing 


and V = 4.5 V was used in all experimental runs. 


BIAS 
Taking into account reduced scattering volume and detector 
responsivity, the measured integrated scattered signals of 3 to 4 mV 


were within a factor of 2.7 of the revised calculated value of 


95 


i Sh 3, wernt 
rik pin? oa Gah Red oe tee 
. erate 

- as Asem de vent Y, a 

“un .othaitdy vere Te. eset ; 

| li j® ,Reme sro 206eal aay 

| ,° eta acu avbey ba a 
Sy terid alee? Phd ot Shue ‘4 a 

: i j 4 ef bee w? loging. 
cai ie etioette Ad VTS nt oars 

- | inotame urs iniieeigl hi 
‘ Tawhutal@) 6 ; 


1 


» iueree Naga Set ined 
ep =a ssi airy Ts ain, MeriapaON 

pi v vj yh Bases ew ane? 

py aul wORi ge seton pele 

) naar ain, ers oo hth sheen 

| Vs tie neat ae ee 


bast =i Te G = me at 
bom? os a is 
e OHTs Leer cee rime 
We 


. 


é ° . 


; 7 ve ate 


96 


3 


2 Mim” = 9.5 mV aay 


eae) ae 


158 mV x Ey x 
Considering the numerous factors influencing this calculation, the 
agreement iS fairly reasonable. 

Signal from integrated stray laser light was (4 + 1) mV for 
e = 150° and (2 3) my ior eo= 30°. The necessity of the precautions 
taken to reduce stray light was vividly illustrated by removing the 
stray light cone whereupon background signal increased 2 orders 


of magnitude. 


Integrated scattering was of approximately the same level for 
both e = 150° and e = 30°. Arc conditions were P = 3 Torr, V = 32 V 
and I = 275 A, and subsequent spectra were taken for these arc parameters 
as well. Earlier investigations of 150° backscatter using the 1 MW C0., 
pulsedlaser showed that maximum integrated signal occurred in the 3 - 


4.5 Torr pressure range, falling to ~ 50% of maximum at P = 1 Torr and 


remaining within 20% of maximum for 5 Torr < P < 10 Torr. 


6.7 Experimental Fabry-Perot Instrument Functions 


For a given etalon separation, Fabry-Perot profiles for an 
extended source are broader than corresponding point source functions. 
Careful measurements were carried out to determine profiles for the 
entire scattering volume. The scattering ball was moved across inet 
plane of the laser=plasma intersection in a grid pattern with the 
point source function recorded at 0.3 mm intervals. Summation of these 
yielded a resultant instrument function for the scattering volume, since 


the result for a given plane through this volume would be the same as 
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Fabry- Perot profiles for the scattering volume; (a) for resolving 
6 = 30° forward scattering with 1 A point source resolution and 
etalon separation 0.23 cm; (b) for resolving 0 = 150° back- 
scattering with 2 A point source resolution and etalon separation 
0.52 cm. 
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that for any other parallel plane. For 2 A and 1 A point source resolu- 
O O 

tions, extended source resolutions of 3.2 A and 2.5 A respectively were 


obtained. The extended source profiles are plotted in Fig. 6.6. 


6.8 Enhancement of Signal/Noise 

Experimental scattered signals were sufficiently small that 
placement of the Fabry-Perot in the optical path required additional 
measures to improve the resulting signal to noise. For 150° backscatter, 
an A Fabry-Perot bandpass with 6% average transmission placed on a 
ji A wide spectrum would pass 2.6% of the integrated signal - about 90 
aVe> Chor 30° forward S Ca ur elmad ca A bandpass with 5% average trans- 
mpssion placed on a 2.5 A wide spectrum would result in a signal of 
175 uwV peak amplitude. With 50 uV RMS noise voltage in both cases, 

S/N was 1.8 and 3.5 respectively. 

A P.A.R.L. boxcar integrator was used to improve these S/N 
ratios. This instrument accepts a voltage waveform consisting of sig- 
nal + noise and analyses the waveform for a time At, evaluating its 
average value in this interval. The averaging process is characterized 
by a time constant T. Information is stored in the form of a d.c. vol- 
tage. After a train of n pulses are supplied to the boxcar integrator 


input channel, the d.c. output voltage will have reached a value propor- 


tional to the mean waveform amplitude during At 


(eet a MAt/T) | (618) 


out > “mean {1 - 


In the process, the average of the noise component is computed as well. 
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For random noise, this average approaches zero as the number of data 
inputs becomes very large. For n samples, the S/N of the input wave- 
form is improved by n? when ndt/T < 1 (linear averaging). 

In Fig. 6.7, the electronic setup for signal processing 
is indicated. The 1A7A preamplifier output of the Tektronix oscillo- 
scope was utilized in order to increase signal levels to meet input 
Sensitivity requirements of the boxcar integrator. Preamplifier output 
impedance was 1 k2 and boxcar input impedance 100 kn. Preamplifier 
gain of 1.3x10° increased signal amplitudes (and noise) to 100 mV 
levels. 

For spectral scans of 150° backscatter, 20 shots were aver- 
aged to obtain each spectral point. Ten samples per point were taken 
in the case of 30° forward scattering. Boxcar ON time was 15 usec, 
Synchronized to the scattered signal with a ‘jitter of < 100 nsec. 
(Fig. 6.8). An averaging time constant T of 300 usec was used. Re- 


1 
7) 


sulting S/N for backscattering was 1.8 (20)* = 8 and 3.5 (10)? 2) for 
forward scattering. From eqn. 6.18, boxcar output levels were 63% of 

the mean signal amplitude in the backscattering case and 40% of the mean 
for forward scattering. 

| There was one more troublesome noise problem which had to be 
dealt with. This was ptckup from the CO, laser high voltage discharges. 
To protect the boxcar integrator input circuit, the noise spike (see 

Fig. 6.8) had to be limited to less than 2 mV at the 1A7A input. Thorough 
electrostatic shielding of the detector cable and bias box, along with 


placing the detector-to-preamplifier cable close to a fast ground 


served to sufficiently limit the pickup. Internal detector connections 
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were protected by a built-in radiation shield. 
6.9 C0. Laser Scattering Results and Discussion 


For 150° backscattering, data from 4 spectral runs are shown 
in Gee Ones aneo 0 MW CO, oscillator-amplifier was the radiation source, 
withs, = 2.5 J in a Single pulse. Forward scattering data from 2 spec- 
trak Yuns are Shown in Figs. 6.10.) [he 6.7 m C0., oscillator was the in- 
cident source with ~ 2 J per pulse. 

Individual data points represent the difference between n 
shots with plasma ON and n shots with plasma OFF at the wavelength indi- 
cated. In this way, the contribution of stray light was removed. The 
Fabry-Perot interferometer was seen to attenuate stray lignt a factor 
of 2 - 3 more than the scattered signal, probably because the scattering 
SOurce was much more localized than the multi-sources of stray light. 
Such sources were located in the plasma chamber only, as the detector and 
Fabry-Perot were completely shielded from externally scattered laser 
light. This was checked by achieving a zero reading on the boxcar inte- 


grator for n shots with the Cassegrainian output blocked. 


In Figs. 6.11 and 6.12, the experimental data are compared with 
with calculated scattering profiles. Vertical error bars represent 
statistical amplitude deviations. If there are m data points of 
ordinate value Xs with approximately equal abscissas, the deviation 


of a single reading is given by 


m \ % 
g= + If (xe = X)*] (6.19) 
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Experimental data for 6 = 150° backscatter. 
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Fig. 6.10 Experimental data for 6 = 30° forward scatter. 
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Fig. 6.11 Comparison of experimental and calculated spectra for 
: 6 = 150° backscattering. Calculated spectrum 1) 
includes the effect of a 3.2 A Lorentzian instrument 
function. 
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Fig. 6.12 Comparison of experimental and calculated spectra for 
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where x is the mean value of Xa S. Horizontal error bars describe the 
uncertainty in the Fabry-Perot wavelength setting. 

To obtain the calculated scattering profiles, convolution of 
the T's (Figs. 6.1 and 6.2) with the Fabry-Perot functions TQ) 
for the scattering volume (Fig. 6.6) was carried out. The convolution 


integral is 
1.(A) = Ky i 1, @) T Care ede (6.20) 


where Ky 1S a normalization constant. The We functions for 6 = 150° 
and 6 = 30° were computed numerically, approximating TQ) by Lorentzian 
curves of FWHM 3.2 A and 2.5 A respectively. 

Convoluted widths of backscattered and forward scattered spectra 
were found to be 9.2 A and 4.3 A, Agreement with the experimental back- 
scattered spectral width (~ 9.0 A) is quite good, while there is a 30% 
difference between the calculated and experimental width (~ 5.7 A) FOV 
30° forward scattering. Such a discrepancy is not surprising in view 
of the considerable influence of laser and instrumental widths upon this 
narrower spectrum. 

Unfortunately the rather indistinct ion acoustic resonances 
are easily masked unless one employs extremely fine resolution. Since 
the useful scattering volume decreases linearly with increasing 
RP, the task of recovering the 6 = 150° spectrum would be very difficult 
With, say, < 1/2 A resolution unless laser power was correspondingly 
increased. The laser line itself smears out the features of the 6 = 30° 


ion spectrum. 


The experimentally obtained 6 = 150° ion Spectrum exnibits the 
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broadening expected for 2 eV argon ions, given that instrumental profile 
effects are predictable. Since spectral width varies as ie IR GyA 
error in A X implies a 20% uncertainty in T.. 
Both forward and backscattered spectra are slightly skewed 

towards the long wavelength side of line centre. Such a skewing may 
be due simply to the statistics of information recovery, or to some 
Slight systematic error in Fabry-Perot alignment and hence instrumental 
Shape. 

These results constitute the first resolved scattered spectra 
and measurement of thermal ion fluctuations using a pulsed C0., laser 
as incident source. The tecnnique should prove suitable for probing even 
lower density plasmas, as presently available CO, pulsed laser powers 
are 2 orders of magnitude higher than the 10 MW levels used in these 
investigations. Experiments with hotter plasmas would not have the 
stringent resolution requirements and associated difficulties of the 


present one. 


6.10 Cooperative CO, Scattering from a Tokamak Plasma 


Returning to the discussion (in Chapter 2) of scattering from 
Tokamak plasmas, it is now possible to outline the design parameters for 


a C0, small angle scattering measurement. 


[4s 
C 


Assume n, = 10 m ~ with is = T. = 500 eV (case 1) and hy = 


iF =? keV (case 2). A deuterium plasma has Z = T- 
Consider case lofirst, hor w= |. 67= 5.8. as required. The 


scattered spectrum will have an ion feature (@ = 0.7) with 25% of the 
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scattered power and an electron feature containing the remainder. The 
ion feature is almost Gaussian in shape with a FWHM (eqn. 6.1) of » 

16 A, The electron spectrum is flat-topped with a FWHM of ~ 1400 A 
(note Nars <— 15750 ilevesire no Yelarivisuic etrects). 


Collecting light from an annulus defined by half angles of 


4.8° and 6.8° (for definition of a) implies a @ = 2.3x107* sterr. Now 


ZZ 
2,3 a7 5G ; 
oes 5 P ue 2 5ine 6 AQ watts (Gaz t) 


;, Se a as : 


Taking ue = 10° Wa tDSs. =" Paci. sin’ 6 = 1 (forward scattering) yields 


5 


Be = leo) Watts w=e Pe tee 


Si Sse" 

Suppose that the laser beam is focussed by an f = 50 cm lens 
to a 1 mm diameter spot and scattered light is collected by an f = 25 cm 
lens located 50 cm from the laser focus. Then the collecting aperture 
has an 8.5 cm inner diameter and the laser beam must be somewnat smaller 
than this in order that large amounts of stray light do not enter the 
collection system. Excellent discrimination against laser stray light 
is of prime importance. 

A model of a possible collection-resolution-detection system 
is shown in Fig. 6.13. A Fabry-Perot with 3 A resolution (85s = 10.6 
mrad) is needed for the jon component and a monochromator with 250 A 
resolution for the electron portion of the spectrum. The lens system 
is set up for M= 1 and supplies light for the Fabry-Perot with full angle 


6 < 10 mrad from a 1 cm depth of field and a 1 mm focal spot. (eqns. 


div 
Gull and 6. 16). 


Detector noise is background radiation limited. Because of 
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lower is and higher ee plasma bremsstrahlung is at least 3 orders 


of magnitude less than that in the argon arc scattering system. A 


1 mm x 1 mm detector subtending a (1.5° ate 2 


22S" cine Se4ebx08e 


sterr is required and a 0.3 um bandpass filter is needed in front of 


the chip. From eqns. 6.8 and 6.10 the noise power is 1.3x107!8 watts/ 


] : ' ' 
Hz i With electrical bandwidth and 15 V bias responsivity as before, 


Vy Sarum 


Optical transmission for 3 lenses and the Fabry-Perot (5%) 
O 
1s 3.9%. For a 3 A bandpass, the transmitted scattered power is 
le) 
3 A 


Buog P es Xx 


-8 . 
5 * 62x10 © watts | (67225) 
16 A 
resulting in a signal of ~ 260 uV on the detector and S/N of 1.7. 
For the electron spectrum, an overall optical transmission 
of 39% (50% for the monochromator) would yield S/N of 50, as Be 


3 ?P 


ene A beam-splitter could provide an alternate path to a second de- 


tector for simultaneous recovery of electron and jon spectra. Electron 
S/N would then be 50 R and ion S/N 1.7(1-R) where R is the beam-splitter 
yerlectivity. R = 0.1 would be appropriate in this case. A better si tu- 
aticn would likely result from utilization of a multi-channel detection 
system, whereby information is accumulated in the fewest possible number 
of shots, assuming sufficient S/N in each channel. 

Determination of ee Re and T,. enables calculation of ne 
because this scattered power ratio” is a function of a. which in turn 
depends on No and lee 

For case 2, 6° = 2.99 is required for a = 1. Discrimination 


against laser light is even more crucial, as the C0. beam diameter must 
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cemtaimiy be <94.2 cm.’ For « definition, light. from. = Deg sigase 
may be collected for AQ = 6x1072 Sterr. for this, scattering angie, 
spectral widths are equal to those in case 1. The lens apertures of 
Fig. 6.13 may be halved; otherwise the optics are similar. This 
doubles the allowable depth of field for adequate Fabry-Perot resolution 
and allows detector design such that A Quet is a factor of 4 less than 
previously. Combined, these two factors overcome the decrease in col- 
lection solid angle so that S/N ratios remain equal to those calcu- 
lated for case 1. 

To analyse one further situation, consider a = 2 scattering 
for case «| ale = T, = 500 eV). The optical system and detectors for 
case 2 may be used, as 6 = 2.99. From eqn. 6.21, Pe 2 5x10°° watts 
for 2 = 2 cm. Now, however, ee = 0.65 He and nes OMS Res : 

The ion spectrum has 6 = 0.9 and is approximately 12 A FWHM. 
Electron plasma frequency satellites are included in the electron 
spectrum and are located + 450 A from Hae centre; in terms of frequency 
the shift is about 1.3 ne” Assuming Landau damping is the dominant 
broadening mechanism, the width of these resonances is v 100 A. Either 
a high resolution (~ 25 A) monochromator or a relatively low resolution 
Fabry-Perot would be sufficient to resolve this portion of the spectrum. 
For the ion spectrum, S/N with 3 A Fabry-Perot resolution (possible 
if 2 <2 cm) is ~ 5. In the electron spectrum, about 1/4 Cee ise in 
each satellite. Using a Fabry-Perot with 25 A resolution and 10% average 
transmission, S/N = 1.4 may be obtained. Again, 2 optical paths may be 
used for simultanecus recovery of spectra, S/N reduction dependent on 


thesparticular division of Scattered light by 2 beam-splitter. Further 


improvement of S/N in all cases may be realized with a multi-shot 
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averaging technique similar to that described earlier. 
In a Tokamak, toriodal magnetic fields may influence spectral 


features. For example, consider case 1 with B~ = 40 kG and the CO 


ih 2 
laser axis perpendicular to field lines. 2, is comparable to Wes in 


Pact 2/06 ~ 0.9. Consequently, the electron spectral shape may be 


observably different from the field free situation and B field informa- 


Z 


tion may thus be available. For the jons, 2; a. =| 4x10 So that K 


must be within 0.8° of the perpendicular to B.. 
of scattering angles, K is within 1.0° of the perpendicular to Bes SO 


For the chosen annulus 


modulation of the ion spectrum will occur with A AMop ™ Dea A, probably 
too fine a structure to be observable. 

The foregoing considerations show that C0, cooperative scat- 
tering from present day Tokamak plasmas is feasible in general. Success 
of the technique hinges upon the ability to discriminate exceedingly 
well against laser stray light, always a formidable problem in small 
angle scattering. Another concern is, of course, optical system com- 


patibility with the Tokamak physical layout. 
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CHAPTER VII 


SUMMARY AND CONCLUSIONS 


The magnetized argon arc facility which has been constructed 
has served as a useful laboratory source for the study of plasma pro- 
perties and the development of diagnostic techniques. This steady 


State, quiescent plasma is a convenient laboratory source for investi- 


gations into such areas as turbulence, instabilities and laser heating. 


Probe and spectroscopic measurements were carried out in 


order to expedite Thomson scattering experimental design. They have also 


served to expand and establish the body of experimental data for the 
arc plasma parameters. 

Biased probes have been operated under extremely high heat 
flux conditions and in an interesting new regime affected by both 
charged particle collisions and magnetic fields. Spatially resolved 
electron densities and temperatures have been determined for this type 
of arc for the first time. Further investigation could lead to a more 
complete understanding of electrostatic probe behaviour in such cir- 
cumstances. 

Ar II Doppler broadening measurements have yielded accurate 
jon temperature information, while observation of Zeeman splitting of 
transitions has confirmed Hall probe measurements of magnetic field 
strength in the arc. 

A high power C0, laser system was constructed in order to 
provide sufficient Thomson scattered power levels from the arc plasma. 


A 10 MW oscillator-amplifier and a 20 MW oscillator were both used in 
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scattering experiments. Multi-shot wavelength spectra were obtained 
for these lasers and the effect of laser chromaticity on scattered 
spectra has been evaluated. 

Numerical studies have been made concerning perturbations of 
the magnetized plasma arising from absorption of C0, laser radiation. 
Electron heating and laser induced ionization were considered. Plasma 
line emission under high laser flux conditions has been monitored. 
Both calculations and experimental observations showed that plasma 
perturbations for the present laser-plasma system were insufficient 
to influence Thomson scattering results. In general, multi-MW C0, 
lasers may be employed in scattering diagnostics without disturbing 
the plasma medium, provided electron densities are < ~ ig om? and 
electron temperatures are > 1 eV. 

The most important result of experimental investigations has 
been the demonstration of pulsed C0, laser cooperative Thomson scat- 
tering as a viable diagnostic for relatively low density plasmas. 
Fabry-Perot resolved ion spectra have been obtained for the first time 
using a pulsed 10.6 um source. Scattered information was processed 
using a boxcar integrator for S/N improvement. Jon temperatures de- 
duced from scattering data were in good agreement with Ar II Doppler 
broadening results. 

In order to further develop this technique, which nas con- 
siderable diagnostic potential for hot, tenuous plasmas such as present 
Tokamaks, more work must be done, especially with regard a engineering 
design of small angle scattering experiments. Success of such experi- 
ments depends upon minimization and rejection of laser stray light by 


input and detection optics. Extremely good CO, laser beam characteristics 
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are thus a necessity. Low divergence, single transverse mode output 
for high power, wide aperture (several cm) lasers is desirable in 
this respect. Associated optical components need be of the highest 
quality. In the interest of improving detector response, the use of 
longer pulse (> several usec) C0, lasers of sufficiently high power 
Should be investigated. Availability of high sensitivity, multi- 
channel IR detection schemes along the lines of current systems for 
visible detection would greatly assist C0, Thomson scattering 
development. 

Another possible scheme for small angle pulsed CO, scattering 
is the heterodyne method of detection, wherein stray laser light pro- 
vides a local oscillator signal which is mixed with the plasma scat- 
tered signal to produce electronically detectable beat frequencies. 
Recently, this technique has been demonstrated in a low density 
discharge!. Heterodyne detection required the use of fast IR detectors 
of the HgCdTe type. State of the art devices have > 700 MHz band- 
width with up to 100 volts/watt responsivity linear to ~ mW incident 


power levels. 
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